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PREFACE 

This book was written primarily for technical students not 
specializing in electrical engineering but may also serve as an 
introductory text for electrical engineering students. It con- 
tains an outline of the lectures given by the author to junior and 
senior students at the Massachusetts Institute of Technology, 
specializing in civil, mechanical, mining, chemical and general 
engineering, physics, naval architecture and engineering admin- 
istration respectively. The subject is discussed in twenty lec- 
tures extending in some courses over ten weeks and in others 
over twenty weeks. Each lecture is followed by one or more 
recitations and the assignment of relevant problems. An inde- 
pendent laboratory course covering the same ground follows the 
lecture course and in some cases is given simultaneously. In 
some instances the course is succeeded by other courses in which 
various industrial applications of electricity are discussed in 
greater detail. 

Although the keynote of such instruction is brevity, it is be- 
lieved, nevertheless, that it should be rigorous in view of the 
maturity of the students involved. An important aim of the 
course is to develop the reasoning power of the student rather 
than to encourage the accumulation of disconnected facts. The 
student while engaged in a course of mental training is expected 
to become familiar with the general principles of electrical en- 
gineering and their practical applications. Descriptive matter is 
included only to the extent that the student may visualize the 
practical devices which illustrate applications of the fundamental 
principles. Recourse is made to mathematical methods of de- 
velopment only when the direct exposition of the subject appears 
to be more involved. 

The course is intended to cover the general principles of elec- 
tricity and magnetism most frequently applied in engineering 
practice. The principles of electrochemistry, illumination, elec- 
trostatics and the wireless propagation of energy are not con- 
sidered for obvious reasons in such a short course. No use has 
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been made of footnotes and appendices and the general reading 
matter has been reduced to a minimuTn so that the student may 
give his undiverted attention to the understanding of the basic 
principles. Most of the formulas are derived so that they may 
be more clearly understood. The recitation periods are devoted 
principally to questions and problems designed to interpret and 
expand the text. While the text may be used by others with a 
different educational objective the author's use of the text is 
described briefly so that the reader may understand the educa- 
tional motive which prompted its preparation and arrangement. 
The photographic reproductions of electrical apparatus appear- 
ing in Chapter XVII were supphed generously by the General 
Electric Company, the Westinghouse Electric and Manufacturing 
Company, the Crocker-Wheeler Company, the Weston Electrical 
Instnunent Company, the Leeds and Northrup Company and the 
General Radio Company. 

RALPH G. HUDSON. 

Cambbidoe, Mass. 
JwM^ 1920. 
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CHAPTER I 
DIRECT CURRENT CIRCUITS 

Engineering Requisites. All engineering operations involve 
the use of a material substance (matter), an active agent (energy), 
and a directive influence (the hmnan mind). Each of these requi- 
sites is identified by certain properties or manifestations. Matter 
possesses weight and inertia, energy can perform work, and the 
human mind can instigate and prescribe to a certain degree the 
kind of work that energy is to perform. In many cases physical 
phenomena also suggest the existence of a pervasive medium 
(ether). 

Present State of Man's Intelligence. While future discoveries 
may establish a closer identity between matter, energy, and ether, 
the engineer of the present may only comprehend certain elements 
and compounds of matter, certain forms of energy, and a non- 
material medium, all controlled to some extent by his mind. 
With the aid of energy man's mind enables him to construct com- 
poimds from elements, derive elements from compoimds, change 
the shape of material bodies, change their state of rest or motion, 
and convert one form of energy into another form either com- 
pletely or in part. 

Forms of Energy. Energy was first recognized in the obvious 

forms associated with bodies in motion or under the influence of 

gravity. The same agent was subsequently found to exist in the 

more latent forms of thermal and chemical energy. Electric and 

magnetic forms of energy were discovered last because our senses 

are less responsive to these forms than to the others. Electric 

and magnetic energy differ from other forms of energy in that 

they may exist apart from matter and may be propagated through 

space free from matter. 

1 



2 ENGINEERING ELECTRICITY 

Electric Current. The economic value of electric energy is 
due principally to the possibility of transmitting this form of energy 
in large quantities over great distances without considerable loss. 
The propagation of electric energy through space along a wire is 
accompanied by certain manifestations located within the wire or 
in the surrounding space. These manifestations associated with 
the propagation of electric energy are ascribed to a flow of elec- 
tricity through the wire and this flow of electricity is called an 
electric current. 

The Effects of an Electric Current. The principal effects of 
an electric current are the thermal, chemical, magnetic, and force 
effects. The thermal effect is manifested by the heating of certain 
materials and the heating or cooling of the junction between cer- 
tain materials conducting an electric current; the chemical effect 
by the chemical reaction associated with the flow of current 
through certain materials, chiefly Uquids; the magnetic effect by 
the associated magnetic energy stored in the space surroundmg a 
current; the force effect by the force exerted upon a current when 
placed in space containing magnetic energy. 

Definition of the Ampere. The magnitude of an electric cur- 
rent may be defined arbitrarily in terms of any one of its effects. 
While the force effect was first chosen for such definition the 
chemical effect proved more convenient and the unit of current, 
the ampere, is now defined as that strength of current which 
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Right Left Down Up 

Fig. 1 

will deposit 1.11800 milligrams of silver per second from an aque- 
ous solution of pure silver nitrate (see Fig. 78 on page 66). The 
direction of the current is assumed to be toward the surface on 
which the silver is deposited. The symbol for current is I and its 
direction is indicated by the horizontal or vertical projection of 
an arrow as shown in Fig. 1. 

Energy Conversion Associated with an Electric Current. The 
flow of an electric current through any part of an electric circuit 
is accompanied by a continuous conversion of energy from one form 
into another. The nature of the conversion in any part depends 
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upon its material structure, the constancy of the current, the lateral 
motion of the current in magnetic space, and the fixity of the 
magnetic energy in the surrounding space. The flow of an electric 
current in most substances is accompanied by a conversion of 
electric into thermal energy and, in the case of certain dissimilar 
metals in contact, by a conversion of electric to thermal energy or 
the reverse. In certain materials, especially liquids, an additional 
conversion from electric to chemical energy or the reverse takes 
place. A variable current is accompanied by a conversion from 
electric to magnetic energy or the reverse, and lateral motion of 
a current in magnetic space may be accompanied by a conversion 
of electric into mechanical energy or the reverse. 

Definition of Electromotive Force. Each of the cases in which 
the energy conversion is stated to be reversible may be utiUzed 
either as a source of electric energy or as a receiver of electric 
energy. Any device possessing the property of reversible con- 
version is called a reversible converter. The rate of reversible 
conversion in most reversible converters is directly proportional 
to the current. The rate of reversible conversion, or the revers- 
ible power, per imit current is called the electromotive force of 
the converter. When the power is measured in watts and the 
current in amperes the electromotive force is measured in volts. 
Electromotive force is commonly abbreviated *'e.m.f." and is 
given the symbol E, Hence the e.m.f. of any device in which 
a current of / amperes is accompanied by a reversible conversion 
at a rate of P watts is given by 

P 

1 ^ ^ T ^^^*^* 

The direction of the e.m.f. in any reversible converter is assmned 
to be in the direction of the current if the converter is a source of 
electric power and in the opposite direction to the current if the 
converter is a receiver of electric power. A reversible converter 
of constant e.m.f. is represented by the symbol — = — and it is 
assumed that the e.m.f. acts within such a converter from the 
short line to the long Une. 

Definition of Resistance. The order of the conversion of 
energy in many substances, especially soUds, is independent of 
the direction of the current (electric energy being converted into 
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thermal energy with either direction of the current) and the rate of 
conversion in such substances is proportional to the square of the 
current. In an irreversible converter the rate of conversion per 
unit of current is therefore a variable but the ratio of the rate of con- 
version to the current squared is a constant and is called the resist- 
ance of the irreversible converter. When the power is measured 
in watts and the current in amperes the resistance is measured in 
ohms. The symbol for resistance is R and an irreversible con- 
verter is represented by the symbol -ww-. Hence the resist- 
ance of any device in which electric energy is converted into 
thermal energy with either direction of the current at a rate of P 
watts when the current is / amperes is given by 

p 

2 R =^ ohms. 

The resistance of any device may be expressed in microhms (one 
microhm equals one-miUionth of an ohm), or in megohms (one 
megohm equals one million ohms). 

Rate of Energy Conversion or Power. The reversible power 
converted in any device of e.m.f. E volts when conducting a cur- 
rent of / amperes, from 1, is given by 

3 P = EI watts. 

Positive power indicates conversion into electric power and 
negative power conversion from electric power. 

The irreversible power converted in any device of resistance R 
ohms when conducting a current of / amperes, from 2, is given by 

4 P = PR watts. 

This power is negative since electric power is always converted 
into thermal power in an irreversible converter. 

Definition of Potential or Voltage. The electric power delivered 
from any part of an electric circuit confined between two points 
a and b (Fig. 2), from 3 and 4, is given by 

5 Pab= +EI - PR watts. 

The power delivered per ampere from any part of an electric 
circuit confined between two points a and b is called the potential 
or voltage between the two points. Dividing 6 by /, the potential 
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or voltage (V) between the two points a and 6 in Fig. 2 is then given 

by 

6 Vaj,= +E -IR volts, 

where E is positive if directed toward b and / is positive if flow- 
ing toward 6. A positive value of Vab indicates a potential rise 
toward 6 and a negative value a potential drop toward 6. 



I^-AA/V 



Fig. 2 

The power delivered from any part of a circuit, by definition of 
Vy is given by 

7 P = VI watts. 

In 7, V is positive for a potential rise in the direction of the cur- 
rent and is negative for a potential drop in the direction of the 
current. Positive power indicates electric power delivered from, 
and negative power, electric power delivered to, the part of the 
circuit under consideration. 

Comparative Meaning of E.m.f • and Potential. The e.m.f . in any 
part of an electric circuit indicates the rate of energy conversion 
per ampere in that part of the circuit either from electric energy 
to some other form or the reverse, depending upon the relative 
direction of the current and the e.m.f: The magnitude or the 
direction of the e.m.f. does not depend upon the magnitude or the 
direction of the steady current imless the current changes the 
physical state of the converter. The potential or voltage between 
two points m any circuit indicates the rate of energy per ampere 
deUvered or received between the two points. The mSaitude or 
the direction of the potential between two points may and usually 
does depend upon the magnitude and direction of the current 
flowing between the two points. No current will flow in any cir- 
cuit which contains no e.m.f. but current may flow in a circuit in 
which the potential between any two points is zero. The electro- 
motive force of any device indicates the power converted per am- 
pere within that device exclusive of the power converted into heat 
in the device due to the passage of current through its material 
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substance. The potential between the terminals of any devic 
indicates the power per ampere delivered to or received from th 
device in any form. 

Energy Converted in Any Device. The energy converted t^ 
any form in any device is given by 

Vlh 

8 W = TKfZr: kilowatt-hours, 

where V is the potential between the terminals of the device, J 
is the current flowing through the device, and h is the nimiber oi 
hours that the device is electrically connected. 

The energy that is converted from electric energy to any othei 
form or the reverse depending upon the direction of the current 
in any device is given by 

9 W = TKfvR kilowatt-hours, 

where E is the e.m.f . of the device. (/ and h are described under 8.) 
The energy converted into heat in any device with either direc- 
tion of thie current is given by 

10 W = r^r^ kilowatt-hours, 

where R is the resistance of the device. (/ and h are described 
imder 8.) 




Fig. 3 

Series and Parallel Connections. When the various parts of 
an electric circuit are connected end to end successively, as shown 
in Fig. 3, it is called a series connection. The current throughout 
a series connection is the same in each part. If some of the parts 
of a circuit are connected end to end jointly, as shown in Fig. 4, it 
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' devif is called a parallel connection. The potential between the term- 
rom ti inals of each part of a parallel connection is the same for each part. 
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^™' Fig. 4 

nben: 

Properties of the Series Connection. The resultant e.m.f. in 

y otlif a stated direction in a series connection equals the algebraic sum 

curre of its constituent e.m.f.'s., an e.m.f. acting in the stated direction 

being positive and in the opposite direction negative. Hence 

11 E = zhEizhE2dzEz± etc. volts. . 

The resultant resistance of a series connection equals the arith- 
ider& metic sum of its constituent resistances. Hence 

'di^ 12 R=Ri+R2+Rz + etc. ohms. 

The potential rise in a stated direction between the ends of a 
series connection equals the algebraic smn of the potentials between 
the ends of its constituent parts, a potential rise in the stated direc- 
icriW tion being positive and a potential drop negative. 

Hence, in Fig. 5, 

13 Vad = dzVca,^ Fftc ± Vcd volts. 

Fig. 5 

The current flowing in any series connection (Fig. 2), from 6, is 
given by 

14 / = 5 amperes. 

W' All quantities represented in 14 apply only to a single series 

jW connection located between a and 6. E is the resultant e.m.f. of 

pari the connection between a and 6, Vaj, is the potential between a and 

A'} b, Ria the resultant resistance of the connection between a and 6, 
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and / is the current flowing from a to 6. The convention of signs 
is the same as that described under 6. In a continuous series 

connection a and 6 are identical points and Vai, 
equals zero. 

Properties of the Parallel Connection. In 
any parallel connection the sum of the cmrents 
flowing toward any jimction equals the smn of 
the currents flowing away from that junction. In 
Fig. 6, it may then be stated that 

15 lab = Ii + h + h amperes. 

Parallel Connections containing No E.m.f.'s. 
If no part of a parallel connection contains an 
e.m.f. it follows, from 14. that in Fig. 6 




RfOf 
Then, from 15, 



/i = 



ab 



Ri' 



h = 



ab 



R2 



and 7a = 



ab 



R, 



ab 



a» 



ab 



16 



R(a 
1 



+ -^ + 



ab 



R\ R2 R, 



and 
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Rab -^1 -^2 ^8 



where Rfo, is the equivalent resistance of a parallel connection con- 
taining no e.m.f. When the parallel connection contains only two 

parts, Rfo, = n \ n and when n parts, each of resistance 72, are 

R 
connected in parallel, Rab = — • From 6 it also follows that in 

Fig. 6 
17 



n 



I\R\ = I2R2 ^^ IzRz ^^ labRab* 

In any circuit containing parallel connections without e.m.f. 's 
the circuit as a whole may be converted into a simple series circuit 
for the purpose of calculation by substituting for each of its parallel 
connections the equivalent resistance given by 16. 

Parallel Connections containing E.m.f .'s. When two or more 
parts of any circuit are not connected in series and contain e.m.f. 's, 
the resultant e.m.f. or resultant resistance of the circuit cannot be 
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calculated and the determination of the magnitude and direction 
of the current in each part involves the solution of two or more 
simultaneous equations based upon 
6 and 15. 

Example. The currents flowing 
in the various parts of the circuit 
shown in Fig. 7 are indicated arbi- <^< 
trarily in magnitude and direction 
by symbols and arrows. Then be- 
tween the two points a and by 
from 6, Pig. 7 

(1) + ^1 — IiRi = — E2 — IzR2 

(2) — E2 — ItRi '^ — Ei "T IdRi 
and from 15, 

(3) /l + /2 = h. 

The magnitude and actual direction of each of the ciurents may 
be determined by solving the three simultaneous equations, a posi- 
tive value of current in any case indicating that the direction as- 
sumed in the figure is correct and a negative value indicating a 
direction opposite to that in the figure. 

Relative Resistances of Materials. Among the elements, silver 
has the lowest resistance per imit volmne. Other metals, such 
as copper, almninmn, iron, etc., also possess relatively low resist- 
ance and are called conductors. Various materials, such as glass, 
porcelain, slate, rubber, etc., possess relatively high resistance and 
are called insulators. All materials conduct current, however, and 
the distinction between conductors and insulators is made only to 
express their relative resistances per unit volume. 

The American Wire Gage. The length of electric wires is 
usually measured in feet, the diameter in mils (1 mil equals 0.001 
inch) and the area in circular mils (area in circular mils equals the 
square of the diameter in mils). Wires are drawn for general use 
in various sizes represented by the American Wire Gage in which 
the consecutive sizes differ in area by approximately 26 per cent. 
A copper wire table giving the constants of wires suitable for Ught 
and power circuits will be found on page 184. 

Resistance Calculations. The resistance of any wire of uni- 
form cross-section is proportional to its length and inversely pro- 
portional to its cro6S-6ectional area. Given the resistance (Ri), 
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length (Zi), and area (Ai) or weight (Wi) of any wire, the resistance 
of any other wire of the same material of length (k), area (A^) or 
weight (W2) is determined by 

Ri I1A2 liWi 
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Any units of length, area or weight may be employed, provided 
the same imits are used for both wires. If the given wire is one 
foot long and one mil in diameter it is called a mil-foot of wire and 
its resistance is called the resistivity (p) per mil-foot of the material. 
Given the resistivity (p) of any material per mil-foot the resistance 
of any wire of the same material I feet in length and A circular 
mils in cross-sectional area is given by 

19 R = ir ohms. 

The resistivity of a material may also be expressed m microhms 
per cm. cube, megohms per cm. cube or ohms per meter-gram. 

The resistivity of various materials in microhms per cm. cube 
and megohms per cm. cube is given on page 185. 

Variation of Resistance with Temperature. The resistance of 
all materials changes with the temperature and is assumed to be 
zero for all materials at zero degrees absolute. The resistance 
{R2) of any material at ^° C. which has a resistance of £1 ohms at 
ti° C. is given by 

20 ft = /2i [1 + ai(fe - /i)] ohms, 

where ai is the resistance-temperature coefficient of the material 
at <i° C. Values of a for various materials are given on page 185. 
The resistance-temperature coefficient of annealed 100 per cent 
conductivity copper at any temperature is given by 

^^ *' " 234.5 + 1 

The temperature (fe) of a material of ft ohms resistance which 
has a resistance of Ri ohms and a resistance-temperature coefficient 
of ai at <i° C, from 20, is given by 

22 fe = ^'";^' + h degs. C. 

(Xiili 
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For annealed 100 per cent conductivity copper 

23 fe = (^'~^^ ) (234.6 + h) + h degs. C. 

Insulation of Wires. Wires are insulated with rubber for gen- 
eral use, except (1) when subjected to temperatures in excess of 
50 degs. C, (2) when exposed to the action of corrosive vapors and 
(3) when conditions prescribe the use of a fire-proof insulation. 
Impregnated cotton braid is employed to insulate wires in low- 
voltage machinery, in buildings when wires are not concealed and 
in the open when wires are closely spaced. Wires subjected to high 
temperatures are sometimes insulated with asbestos. Wires drawn 
in imderground conduits are commonly insulated with varnished 
cambric or impregnated paper protected by a lead sheath. Mica 
insulation is used to a considerable extent in high-potential 
machinery. Transmission Une wires are usually bare and are 
supported by glass, porcelain or composition insulators. The 
carrying capacity of insulated wires or the maximum current that 
insulated wires may carry continuously without overheating and 
injuring the insulation depends upon the nature of the insulating 
material. The values recommended for insulated copper wires by 
the National Board of Fire Under- 
writers are given on page 184. r ^f <^tb jrires) 

Transmission Line Calculations. T ' T 

The principles stated on the previous y ,^ ^ ^ ' 

pages may be appUed to the trans- " 

mission line (Fig. 8) as follows: Vq 

and Vl are the respective potentials Fig. 8 

at the generator and load ends of the 

line, Ri is the resistance of both line wires, d is the distance in feet 

from the generator to the load, /| is the line current, and Pq and 

Pl are the power delivered to the line and received from the line 

respectively. From 13, 

24 7i = 7o - IiRi volts. 

From 7, 
26 Pq = VqIi watts. 

26 Pl = VJi watts. 

From 7 and 4, 

27 Px. = VqIi - URi watts. 



\ \ 
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The efficiency of transmission or the ratio of the power trans- 
mitted to the load to the power delivered to the line is given by 

From 27, 



29 i| = —^ J7^5 amperes. 

z Jti 

From 24 and 19, 

30 A = Tz ^7- circular mils. 

From 26 and 30, 

31 A = jTf T/ \ T7 circular mils. 

The weight of a copper wire of length, I feet, and area, A circular 
mils, is given by 

32 G = 3.03 X 10-« lA pounds. 

From 32 and 31, the weight of a copper transmission line is given 

by 

^« r, 1.28 X IQ-^Pi^d' , 

33 G = —TTT fTTlT — pounds. 

\y G "" y L) y L 

Economics of the Transmission Line. The annual cost of the 
energy lost in a transmission line of Ri ohms resistance which con- 
ducts a steady current of 7j amperes for h hours per year, from 10, 

is *^^ dollars, where c is the cost of the electric energy in dollars 

per kilowatt-hour. The annual investment charge associated with 

the line wires is ^-r^r^ dollars, where p is the annual percentage rate of 

interest on the capital invested in the line wires which will pay the 
annual capital interest, taxes and depreciation of the line wires, 
G is the weight of the copper wire in poimds and c' is the cost of 
the wire in dollars per pound. The principle known as Kelvin's 
Law indicates that the annual operating expense of a transmission 
line is a minimum when the annual cost of the lost energy is made 
equal to the annual investment charge associated with the wire. 
By equating the above costs, substituting 19 for fl| and 32 for G, 
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the most economical section of copper wire for a transmission Une 
is given by 

l~di 
34 A = 593 IiV -r- circular mils. 

▼ cp 

Potential Limitations in the Two- Wire System. The power 

lost in a transmission line, from 4, is Ii^Ri watts. Since /j, from 25, 

p 
equals j^ amperes, the power lost in a transmission line is also 

given by ^ ^^ watts. The power lost in the line is inversely pro- 

' o 

portional to the square of the generator potential and the generator 
potential should therefore be made as high as possible. The mag- 
nitude of the potential impressed between the terminals of devices 
receiving energy from a direct-current circuit is limited for various 
reasons in the case of motors to approximately 600 volts and in the 
case of incandescent lamps to approximately 116 volts. The 
operation of these devices in series is in general undesirable. 
Motors connected in series are difficult to insulate and their opera- 
tion in series under most circiunstances is unstable. The respec- 
tive luminosities of incandescent lamps connected in series would 
vary imless the lamps were selected with care, an increase of resist- 
ance in any lamp would 



V. 
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shorten its length of serv- 
ice, one lamp could not be 
lighted alone, the failure of 
one lamp would extinguish 
the others unless an auto- 
matic shimt was attached 
to each lamp, and the higher 
potential associated with yiq. 9 

such a connection would 

increase the danger of shock to those who might come in contact 
with the circuit. 

The Edison Three- Wire System. If the lamps in any incan- 
descent lighting system are divided into two groups and these 
groups are connected to a three-wire system as shown in Fig. 9, 
all of the disadvantages of the series connection noted above are 
eliminated. The current in the neutral wire will be zero if the 
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current in each group of lamps is made the same and the efficiency 
of transmission will equal that of a two-wire 230-volt system. 
Danger of shock is removed by groimding the neutral wire so that 
the potential to groimd from either outside wire is limited to 116 
volts. A balanced three-wire system designed to replace a two- 
wire system (the power transmitted, length of line, power loss in 
the line and potential at the lamps being the same in each case) 
requires a weight of copper equal to 37.5 per cent of that required 
by the two-wire system. Although the neutral wire of a balanced 
system conducts no current it is usually made equal in size to either 
outside wire so that it may in an emergency carry as much current 
as either outside wire. Motors suppUed from a three-wire system 
are usually connected between the outside wires. 



CHAPTER II 
ELECTROMAGNETISM 

The Magnetic Field. A change in the magnitude of the cur- 
rent flowing in any circuit is accompanied by a conversion of 
electric into magnetic energy or the reverse; with an increasing 
current electric energy is converted into magnetic energy and with 
a decreasing current magnetic energy is converted into electric 
energy. The magnetic energy thus converted from electric energy 
with an increasing current is distributed throughout the space or 
the field surrounding the circuit and manifests itself by a force 
action on an electric current or on certain materials located in that 
space. Any region in which such force action is manifested on an 
electric current or on certain materials is called a magnetic field. 

Magnetic Flux. The force action associated with a magnetic 
field is*ascribed to the reaction between the electric current placed 
in the field and a magnetic flux which is assumed to permeate the 
field of magnetic energy. The force action on certain materials 
placed in a magnetic field is attributed to the same reaction, the 
current reacted upon in this case being concealed within the 
atomic structure of the material. Unit magnetic flux may be 
visuaUzed as a continuous tube of variable cross-section and the 
path of such a tube may be indicated by a line which represents 
the axis of the tube. A single tube of magnetic flux or unit mag- 
netic flux is called a maxwell and the axis of such a tube is called 
a hne of flux. It should be noted that the flux permeating an area 
smaller than the cross-section of a single tube at any point may be 
less than one maxwell and that the flux permeating any area will 
also depend upon the position of the area in space. 

Magnetic Flux Density. The force acting upon a current 

placed in a magnetic field is proportional to the magnitude of the 

current, the length of the wire conducting the current, the position 

of the wire in the field, and the strength of the magnetic field. The 

conception of magnetic flux suggests that its density be taken as a 

measure of the strength of the magnetic field. Since the force 

action on an electric current varies directly with the strength of 

15 
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the magnetic field this force action may be taken as an arbitrary 
measure of the magnetic flux density at any point in the field. If 
a wire 8 centimeters in length conducting a current of / amperes 
is placed in a magnetic field of uniform strength along the wire and 
the force acting normal to the wire is F dynes the magnetic flux 
density normal to the plane of the wire and the force is defined by 



35 



B = -7— gausses. 



Unit magnetic flux density, the gauss, equals one maxwell per 
square centimeter. The relative directions of the flux density 



AB 



e 



^ 





Fig. 10 



Pig. 11 



(B), current (/) and force (F) are shown in Fig. 10. If the direc- 
tions of the current and the force are indicated respectively by 
the middle finger and the thumb of the left hand the direction of 
the flux density normal to the plane of the current and the force 
is indicated by the forefinger. The direction of the magnetic flux 
at any point in space is normal to that plane of the current and 
the force in which the force acting on the current is a maximmn. 
The flux density at a point is a maximum in the direction of the 
magnetic flux at the point. 

Force on a Current placed in a Magnetic Field. The force 
acting normal to a current element ds centimeters in length and 
conducting a current of / amperes placed in a magnetic field of B 
gausses maximum flux density when the directions of the ciurent 
and the flux density differ by the angle a (Fig. 1 1) is given by 

BI ds sin a , 

— dynes. 



36 



dF = 



10 



Flux Density due to a Current Element. The flux density at 
a point in space due to a current may be determined experimentally 
by measuring the force exerted upon another current placed at the 
point in question, the flux density for any observed force being 




ELECTROMAGNETISM 17 

calculated by 35. An exploration of the magnetic field surrounding 
an electric current indicates that the flux density at any point 
(Fig. 12) is proportional to (1) the current (/) 
which has established the magnetic flux, (2) 
the length of the current path (ds), (3) the 
sine of the angle (a) between the extension of 
the line joining the point and the current ele- 
ment and the direction of the current, (4) the 
character of the medium in which the point is 
located (this magnetic property of the medium 
is called its permeability (m)), and is inversely 
proportional (5) to the square of the distance 
(r) from the point to the ciurent element. If the current is 
measured in amperes and the length of the current path and the 
distance from the point to the current element in centimeters 
the flux density at the point is given by 

o^ JD •'^M sin a ds 

37 dB = rrr-^ — gausses. 

The direction of the flux density is perpendicular to the plane 
of the current element and the point (Fig. 13), and is clockwise in 

direction when the current flows away from, the 
observer and counterclockwise in direction when 
B the current flows toward the observer. 

Permeability of a Material. The flux density 
^ due to a current at a point located in space filled 
Fig; 13 consecutively with various materials is sensibly 

the same for most materials but is materially in- 
creased when certain materials fill the space; notably, iron, cobalt, 
nickel and Heusler's alloy (manganese, aluminum and copper or 
zinc). The increased flux density resulting from the introduction 
of any material into the space in which the point is located is 
attributed to a magnetic property of the material, called its per- 
meability. The permeability of any substance is measured by 
the ratio of the flux density at a point in space filled by the 
material in question to the flux density at the same point in air 
due to the same current. Hence, the permeability of any sub- 
stance may be defined by the ratio, 

qo -Omaterial 
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The flux density in air is frequently given the symbol (H). The 
permeability of most materials is very nearly one and such ma- 
terials are called non-magnetic. All materials of permeability 
greater than one are called magnetic and the permeability of such 
materials may be as high as 25,000 for electrolytic iron, 7000 for 
commercial soft iron, 200 for nickel and Heusler's alloy, and 175 
for cobalt. The permeability of all magnetic materials is a vari- 
able and depends upon the initial flux density in the same space 
filled with air prior to the introduction of the magnetic material. 
The permeability of all magnetic materials is comparatively low 
when placed in a magnetic field in air of high flux density. When 
certain materials are placed in space formerly occupied by air the 
flux density in this space is decreased. Materials possessing this 
property (bismuth is the best example) are called diamagnetic and 
the permeability of such materials is less than one. 

Flux Density due to a Current Path of Any Shape. The flux 
density produced at a point in space by a current path of any 
length or shape may be determined in any case by integrating the 
flux densities at the point due to the elements of the current path. 
The results of such integrations of 37 are given for certain cases 
as follows: 

Case I. Flux density at a normal distance of r centimeters from 
the axis and outside of a straight wire (Fig. 14) conducting / am- 
peres and surrounded by a medium of permeabiUty (m). 

39 B = rrr- (sin di + sin ^2) gausses. 

Case II . Flux density on the axis 
of a single turn of wire (Fig. 15) r 
centimeters in radius conducting / 
amperes and surrounded by a medium 
of permeability (n), 

40 B = 0.628 IrfjL sin» 6 gausses. 

Case III, Flux density on the axis near the middle of a long 
solenoid (Fig. 16) wound uniformly with n turns of wire per cen- 
timeter length of axis, each turn conducting / amperes and sur- 
rounded by a medium of permeability (m). 

41 B = 1.26 n//x gausses. 
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Case IV, Flux density at a point distant r centimeters from the 
axis of and within a toroidal coil (Fig. 17) of N turns conducting 
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Fig. 16 

a current of / amperes and wound upon a 
toroidal core of permeability (m). 

^ 0.2 NI,i 

n = gausses. 



Energy converted by a Variation in the Flux linking a Current. 
The force acting on a wire (Fig. 18) ds centimeters in length con- 
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ducting a current of i amperes and placed in a plane normal 

to a magnetic flux of B gausses flux density, from 36, is given by 

Bi ds 
dF = dynes. The direction of the force, from Fig. 10, is 

toward the right. The work done in moving the wire in the plane 

Bi ds dx 
to the left a distance of dx centimeters is given by dw = — ttj — 

ergs. 

Since a magnetic field is permeated by continuous tubes of flux 
the change of flux {d<f>) surrounding or linking the displaced wire 
is B ds dx maxwells. The work done on the wire during its dis- 
placement is then given by dw = -rrr- ergs and represents the energy 
converted when the flux linking a current is changed by d<b max- 
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wells. The energy converted by changing the flux linking N turns 
of wire is therefore given by 

43 dw = ^ ergs. 

During an increase of flux the electric circuit loses energy and 
during a decrease of flux the electric circuit gains energy. If the 
current (i) in 43 is maintained at a constant strength of / amperes 
while the flux linking the N turns is changed by a finite amount 
A^ maxwells, the energy converted by the change in flux, from 43, 
is given by 

44 w = — r^r— ergs. 

If the current (i) in 43 varies in strength while the flux linking 
the N turns is changed, the energy converted during a simultaneous 

N r 

change of current and flux is given by w = yjr It d<l>. When the 

flux linking an electric circuit is established by the current flowing 
in the circuit, the flux may be expressed by some function of the 
current and the energy converted during any change in the cur- 
rent may be determined by mtegration. 

The flux linking any circuit located in a medium of constant 
permeabiUty, from 37, is directly proportional to the current, or 

<f> = Ki. Since d<f> = K di, w = -r^ I i di and w = , the 

limits being the initial and the final values of the current. The 

energy converted when the current in N turns of wire is increased 

NKP 
from zero to / amperes is then given by w = —K?r- ergs and, since 

# = KI, the energy converted is also given by 

45 w = -^ ergs. 

The establishment of a current in any circuit is thus accompanied 
by a conversion of electric into magnetic energy, the amount of 
energy converted in any case being given by an integration of 43, 
and when the permeability of the surrounding medium is constant, 
by 45. When the current in any circuit is interrupted the magnetic 
energy stored in the surrounding medium is again converted into 
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electric energy, either in whole or in part, depending upon the 
nature of the surrounding medium. 

Space Distribution of Magnetic Energy. The magnetic 
energy (W) stored within the internal core of a toroidal coil (Fig. 
17) of N tiuns conducting a current of / amperes (the permeability 

of the core being assumed constant), from 45, is -xrr- ergs. The 

volume (Y) of a toroidal core of r centimeters mean radius and A 

square centimeters cross-sectional area when the area is small 

compared with the radius of the core is 2 wrA cubic centimeters. 

The magnetic energy per cubic centimeter (w) stored in the toroidal 

N^I NBI\ 
core is therefore given by w = ^^ ^ — j = -rr — ergs per cubic 

centimeter. The flux density in such a core, from 42, is given by 

B = OM^ gausses. Substituting for / its equivalent. ^, 

, . 1^ . 5|: ^d the magnetic energy per cubic centimeter 
stored in any medium of constant permeability is given by 

46 w = s — ergs per cubic centimeter. 

OTTfJL 

Magnetomotive Force and Reluctance. Since the unit of 
flux, the maxwell, may be represented in space by a continuous 
tube of variable cross-section the magnetic flux or the aggregate 
of ^the constituent tubes of flux may also be represented in space 
by a continuous volume of variable cross-section. The magnetic 
energy (Wi) stored in any longitudinal section of this volume, k 
centimeters in length, Ai square centimeters in cross-sectional 
area, and filled with a medium of constant permeability (mi) 
(multiplying i^ in 46 by the volume of the section) is given by 

Wi = J ergs. The total magnetic energy stored in the mag- 

netic field surroimding a circuit of N turns conducting a current of 
I amperes (the permeabiUty of the surrounding medium being 

constant), from 45, is given by TT = -^ ergs and must equal the 

sum of the energys stored in the constituent parts of the magnetic 

«^M XT N^I BiHiAi , B2%A2 , , „^., ,^ 

field. Hence -75^- = -5 + J + etc. ergs. While the 
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flux density throughout a magnetic field may vary from point to 
point the flux through any cross-section of the magnetic circuit 
is constant. Hence # = BiAi = 52^21 etc. 

and -757^- = ^ T- + -5 T- + etc. 

Then 



1.26 NI =^ f-V- + -\- + etc.) 

XniAi H2A2 . 1 



or 

47 ^ = , ' , maxwells. 

— 1- H T + etc. 

In the continuous series electric circuit, the current equals the 
ratio of the electromotive force to the resistance. The analogous 
arrangement in 47 suggests that the numerator be called the mag- 
netomotive force and the denominator the reluctance of the mag- 
netic circuit. Magnetomotive force (abbreviated m.m.f.) is given 
the symbol (7) and is measured in gilberts. Reluctance is given 
the symbol (91) and is measured in oersteds. 

The resultant magnetomotive force in a stated direction of 
several independent coils of wire wound upon the same magnetic 
circuit and conducting different currents is given by 

48 y = 1.26 (zb iVi/i zb i\r2/2 zb etc.) gflberts, 

where a positive or negative sign indicates that the associated 
magnetomotive force is acting respectively in the same or in the 
opposite direction to the stated direction. 

The resultant reluctance of several longitudinal sections of a 
magnetic circuit of various respective lengths, cross-sectional 
areas and permeabiUties is given by 

49 91 = — 7- H T + etc. oersteds. 

The reluctance of several longitudinal sections of a magnetic 
circuit connected in parallel and containing no magnetomotive 
forces is given by 16, substituting 91 for R. The magnetic poten- 
tial (Goft) between two points in a magnetic circuit is given by 6, 
substituting Q^ for Y^, J for E, # for /, and 91 for 22. When 
certain parts of a magnetic circuit contain magnetomotive forces 
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and are not connected in series the magnitude and direction of the 
flux in each part may be determined as indicated on page 9, 
substituting ff* for E, # for /, and 91 for R. 

The Magnetization Curve. The magnetomotive lorce re- 
quired to estabUsh.a stated flux in a magnetic circuit of constant 
cross-sectional area {A sq. cms.), length {I cms.) and uniform per- 

meabiUty (/x), from 47, is given by 1.26 NI = ^— j. The num- 
ber of ampere turns required per centimeter length of the magnetic 
circuit is therefore given by 

50 nl = 0.793 — ampere turns per centimeter length of the mag- 

netic circuit. 
Since the permeabiUty of all magnetic materials varies with the 
flux density equation 50, when appUed to such materials, contains 
three variables, nl, B, and m- If the corresponding values of B 
and nl are plotted for any material 
from test data nl may be determined 
easily without consideration of the 
value of jLt. The curve obtained from 
such plotted values of B and nl for any 
material is called the magnetization 
curve (Fig. 19) of the material. Mag- 
netization curves of various materials _ 

««^ «4^r^^ ^^ «^o»^ 1QA T+ «r:il Vx^ n I (Amp. turns per cm.) 

are given on page lob. It will be f lo 

noted that when nl is small, 5 in- 
creases sensibly in proportion to n/, but for higher values of 
nl B increases less rapidly due to the decreasing permeability 
of the material. For all points above S on the curve the material 
is said to be saturated and for all points below S, unsaturated. 
The permeability of any material for any value of nl may be 
determined from its magnetization curve by substituting the 
corresponding value of 5 in 50 and solving for /x. 

The Hysteresis Cycle. If the magnetomotive force per centi- 
meter applied to any magnetic material is increased until the flux 
density reaches any value (such as + JSa, in Fig. 20) and is then 
reduced to zero, the values of B corresponding to the decreasing 
values of nl will be represented typically by the curve connecting 
+ Bfn with Bp. At the point Bp the material retains a part of its 
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former flux density in the absence of any external ma^etomotive 
force and is called a permanent magnet. The property of any 
material by which it retains a part of its former magnetic flux 
after the magnetomotive force is removed is called its retentivity. 

The greatest retentivity in magnetic 
materials is found in hard steels 
and the least in soft iron. 

The magnetic energy converted 
from electric energy during the 
apphcation of an increasing mag- 
netomotive force to a non-magnetic 
material (such materials possess no 
retentivity) is again converted into 
electric energy when the magneto- 
motive force is removed. In a mag- 
netic material part of the magnetic 
energy is reconverted into electric 
energy and the rest remains stored in the magnetic circuit contain- 
ing the magnetic material. If the magnetomotive force is now 
increased in the opposite direction the associated changes in flux 
density will be represented typically by the curve (Fig. 20) con- 
necting Bp with — Bm. A reduction of magnetomotive force to 
zero, reversal, and increase in the initial direction again will bring 
the flux density back to + Bm along the lower curve (Fig. 20) 
connecting — Bfn with + B^. The complete sequence of changes 
in B corresponding to nl represented in Fig. 20 is called the 
hysteresis cycle of the magnetic material and its graphical repre- 
sentation is called a hysteresis loop. During the hysteresis cycle 
the magnetic energy not reconverted into electric energy is con- 
verted into heat. The energy lost in this manner in a magnetic 
material subjected to a reversing magnetomotive force (by apply- 
ing the principle stated in 43 to a cubic centimeter of the 

material) is givien hyw= I — rrr — ergs per cubic centimeter, 
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or the area enclosed by the hysteresis loop divided by 10. 

Magnetic Poles. The surface separating any two materials of 
different permeabilities and permeated by a magnetic flux is the 
apparent seat of a force acting upon magnetic materials and such 
a surface is called a magnetic pole. The surface through which 
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the flux leaves a magnetic material of higher permeability is called 
a North pole and the surface through which the flux enters a mag- 
netic material of higher permeabiUty is called a South pole. 

Force between Two Magnetic Poles. When two magnetic 
materials are separated by a material of permeabiUty (/*) and the 
flux density normal to the adjacent surfaces of the magnetic ma- 
terials is B gausses the magnetic energy stored within the separat- 

mg material, from 46, is ^ — ergs per cubic centimeter. If the area 

O TT/i 

of each of the adjacent surfaces of the magnetic materials (Fig. 21) 
is A square centimeters and the thickness of the separating material 
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Fig. 22 



is increased by dx centimeteris the volume of the separating material 

is increased by A dx cubic centimeters. The energy of the 

B^A dx 
magnetic circuit is therefore increased by —^ when the distance 

OITjLt 

between the adjacent surfaces is increased by dx centimeters. If 
F is the force in dynes between the poles located on the adjacent 
surfaces the work done in moving one of the poles a distance of 

dx centimeters is F dx ergs. Hence F dx = —7^ and the force 



SwjJL 



between the two poles is given by 
51 



F = - — dynes. 



In Fig. 22, the force acting on the wire, from 36, is given by 

dF = ryr dynes. If B is produced by /, then I may be 

expressed as a function of B and the force acting on the wire is 
proportional to the square of the flux density. It will therefore 
be noted that the force between a wire conducting a current and 
a magnetic material, in which the flux is estabUshed by, and is 



26 ENGINEERING ELEjTRICITY 

proportional to the same current, Ls also proportional to the square 
of the flux density established in the material. 

General Principle of Force Action in a Magnetic Field. The 
force acting upon a current or a magnetic material placed in a 
magnetic field is in such a direction as to increase the flux linking 
the current or permeating the magnetic material. Applications of 
this principle may be summarized as follows: 

Case I. A wire conducting a current. 

a. A bent wire will tend to straighten. 
6. A circular wire will tend to increase its diameter, 
c. A coil of two or more turns will tend to become more com- 
pact 

Case II. Two wires conducting currents. 

a. Force of attraction between two currents flowing in the 

same direction. 
6. Force of repulsion between two currents flowing in opposite 

direction. 
c. Two currents making an angle with each other will tend to 

twist into the same plane with their currents flowing in 

the same direction. 

Case III. A wire conducting a current, and a material. 

a. A magnetic material will be attracted by the current to 

a position where the flux density due to the current is a 

maximum. 
6. A diamagnetic material will be repelled, 
c. A permanent magnet will tend to turn into a position such 

that the flux permeating it due to the wire and itself will 

be a maximum. 

Case IV. A permanent magnet and a material. 

a. A magnetic material will be attracted toward the nearer 

pole of the permanent magnet. 
6. Several magnetic materials will be attracted as in (a) and 

also by each other, forming several chains. 
c. Each pole of another permanent magnet will be attracted 

by the opposite pole and repelled by the like pole of the 

origmal permanent magnet. 
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CHAPTER III 

ELECTROMAGNETIC INDUCTION 

Electron lotive For'*-' generated or induced in a Material. It 
was demonstrated on page 19 that the work done in moving a 
wire ds centimeters in length conducting a current of I amperes 
through a magnetic field of B gausses flux density a distance of 
dx centimeters to the left, as shown in Pig. 23, 



^B 



I 



e 



x-^ 



Fig. 23 



Bt> ds dx 
is given by dw = — ^7) — ^^gs. The work 

done upo^i a wire of finite length (s centimeters) 

Bis dx 
is then given by dw = — r^r — ergs. The power, 

or rate at which work is done on the wire in 
moving it dx centimeters in dt seconds, is there- 

Bis dx Bist) 

fore given by P = ^^ ,. ergs per second or -jj^ watts, where 

lu at l\Jr 

V is the velocity of the wire in centimeters per second. 

The mechanical energy thus expended in moving the wire is 
converted into electric energy of the same amount which appears 
within the wire and its associated circuit. Hence the electric 
power developed by the motion of the wire in the magnetic field 

is also given by P = -jt^ watts and, since the process is reversible, 

the electromotive force generated in the wire, from 1, is given by 

« = -TTTT or ^77^ volts. If N conductors connected in series are 
1 10" 10" 

moved simultaneously through a magnetic field under the condi- 
tions indicated in Fig. 23 and the e.m.f. generated in each con- 
ductor acts in the same direction in the series connection the total 
e.m.f . is given by 

52 e = -77S- volts. 

10" 

Since each moving conductor (Fig. 23) is a source of electric 
power the direction of the e.m.f. (defined on page 3) is the same 

27 
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as that of the current. The relative directions of the motion (Af), 
the flux density (B), and the electromotive force (E) are shown in 
Fig. 24. If the directions of the motion and the flux density are 

indicated respectively by the thumb 
and forefinger of the right hand 
the direction of the e.m.f. is indi- 
cated by the middle finger. 

Since a magnetic field is per- 
meated by continuous tubes of 
flux the rate of change of the flux 



M 



bA 



B 




FiQ. 24 



(^) linking the N 



wires when 



moving at a velocity of v centimeters per second is Bvs maxwells 
per second and the electromotive force generated in the N moving 
conductors or induced in the N conductors when the flux linking 

them changes at a rate of -^ maxwells per second is given by 



53 






The direction of a generated or induced electromotive force 
may be determined by the right hand rule or by the principle that 
the electromotive force produced by a changing linkage flux acts 
in such a direction as to oppose (by the current it tends to establish) 
the change of linkage flux. The direction of the electromotive 
force is therefore given by the direction of the current (Fig. 13) 
which will establish a flux in such a direction as to maintain the 
original magnitude and direction of the linkage flux. 

Electromotive Force induced in a Wire by a Change of Current 
in the Same Wire. When the flux Unking N turns of wire is 
directly proportional to the current flowing in the wire, <p = Ki 

and -rr = K-^. The electromotive force induced in the N turns 

of wire when the current flowing in the wire changes at a rate 

^ amperes per second J, from 53, is given by e = -r^ -rr volts. 

Since iV, K and 10* are constants {N and K are constants of the 

NK 

circuit), a single constant (L) may be substituted for -j^^ and this 
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constant is called the self-inductance of the circuit, measured in 
henries. In any circuit of .L henries self-inductance, the electro- 
motive force induced in the circuit when its current changes at a 

54 e = L 37 volts. 

at 

The direction of the self-induced electromotiye force, in accord- 
ance with the general principle stated under 53, will be such as to 
oppose the change in linkage flux or the change in current. It will 
be noted that the self-inductance of a circuit produces a steadying 
effect upon the current and is analogous to the mass property of 
matter which steadies the motion of matter through space. 

The Self-inductance of a Wire. The self-inductance of any 
formation of wire may be determined from the ratio of the flux 
linking the wire to the current flowing in the wire which produces 
the linkage flux. This ratio (K) ^ ^^^^ 
multiplied by the number of turns i/^""?C"X7^00CX^ 
(iV) linked by the flux and divided '^'^UUUUUU"^ 
by 10® gives the self-inductance of ^ r^ i J \ 



A sq. cms. 



the wire. The value of JK may be _ 

determined by an integration of 

37; the self -inductance of two parallel wires, for example, con- 
ducting the same current in opposite directions (the transmission 
line), determined by integrating the flux permeating the space 
between the wires and the wires themselves, is given by 

55 i' = 0.0805 + 0.741 log — 10"^ henries per wire per mile. 

D is the distance between the centers of the wires and r is the 
radius of each wire, D and r being measured by any unit of length 
provided the same imit is used for both. 

In simpler cases, K may be determined by substituting the con- 
stants of the circuit in 47. In a long solenoid of wire (Fig. 25), 

. ,^ ^ 1.26 iVZ /h26NfiA\^ .^ 1.2& N ,iA 
from 47, ^ = ? = ( j 1 1 and K = 1 • 

fiA 
Hence 

66 1/ = --1 z-^ — henries, 

^ Z X io« 
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It will be noted that the self-inductance of any formation of 
wire depends upon its geometrical constants and the nature of the 
surrounding medium. The self-inductance is independent of the 
current if the wire is siurounded by a medium of constant per- 
meabiUty, but if the permeability of the medium is not constant, 
the self-inductance of the wire is a variable depending upon the 
magnitude of the current. The self-inductance of any formation 
of wire linked by $ maxwells when conducting / amperes, substi- 

# NK 

tuting y for if in L = ^r^, is given by 

57 L = ^j henries. 

Electromotive Force induced in a Wire by a Change of Current 
in Another Wire. In Fig. 26 if the flux (^) Unking coil (2) due 
to a current (ii) in coil (1) is directly proportional to ii, or ^ = K'iiy 



then ^ = JK' -57 and from 53, ei = ^^ -rr. Since N2, K' and 
at at Vr at 

Vfi are constants {N2 is a constant of coil (2) and if ' is a constant 

(1) (2) 

Fig. 26 

involving the geometrical constants of both coils and the nature 

of the surrounding medium) a single constant (Af) may be sub- 

N K' 
stituted for ^^^ and this constant is called the mutual-inductance 

of the two coils, measured in henries. In two circuits of M henries, 
mutual-inductance the electromotive force induced in one circuit 

when the current in the other circuit changes at a rate of -tt 
amperes per second is given by 

58 e2 = ilf-^ volts. 

at 

The Mutual-inductance of Two Wires. The mutual-induct- 
ance of two formations of wire may be determined from the ratio 
of the flux linking wire (2), due to a current (ii) in wire (1), to the 
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current in wire (1). This ratio (X') multiplied by the number of 
turns in wire (2), linked by the flux established by the current in 
wire (1), and divided by 10* gives the mutual-inductance of the 
two wires. The value of K' may be determined by an integration 
of 37 or, in simpler cases, by substituting the constants of wire (1) 
in 47 and determining the amount of flux due to the current in wire 
(1) that links wire (2). In the case of two long solenoids wound 
together on the same core (Fig. 27) the flux ($i) due to the current 
(Zi) flowing in solenoid (1), from 47, is given by 

1.26iVi/i /1.26 iViMiilA J 
^. = -^— or (^ j^ )h. 

Since the same flux links solenoid (2), 



K' = 



1.26 NuiiAi 



k 
and 

59 M = 1-26 ^y ^ henries. 

Self-inductance of a Series Connection. Given the self- 
inductances fLi, Z/2, 1/3. etc.) of the respective parts of a series con- 




Fro. 27 

nection in which there is no mutual-inductance between the respec- 
tive parts the resultant self-inductance of the series connection is 
given by 

60 L = Li -h 1/2 + 1/3 + etc. henries. 

Given the mutual-inductance {M) of two parts of a series con- 
nection and the self-inductances (Li and L^ of the two parts respec- 
tively, the residtant self-inductance of the series connection is 
given by 

61 L = Z/izb2Jlf + I/2 henries. 

The sign before 2 Jlf is + when the mutual fluxes are m con- 
junction and is — when the mutual fluxes are in opposition. Since 
the mutual-inductance of two parts of a series connection linked by 
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the same flux, from 59, equals kNiN2 and the self-inductance of 
each part, from 56, equals kNi^ and kN%^ respectively, then 



or 



62 M = y/L\L% henries. 

The resultant self-inductance of a parallel connection depends 
upon the division of the current among the parts of the parallel 
connection and cannot be stated in terms of the respective self- 
inductances of its constituent parts. This subject is discussed 
further on page 85. 

Energy required to establish a Current. When the flux ($) 
linking the iV turns of an electric circuit is directly proportional to 
the current (/) flowing in the circuit, the energy required to estab- 

lish the current, from 45, is given by TF = —^ ergs or «^ ..^ 

HKP NK 

joules. Since $ = KI, W = ^ ^^ and, substituting L for -rr-^} 

63 TT = ^ LZ2 joules. 

Potential between Two Points in a Series Connection conduct- 
ing a Variable Current. When the current flowing between the 

Fig. 28 

two points a and b in Fig. 28 is constant the potential between 
a and b, from 6, is given by Fa^ = + -B — IR. If the current 
flowing from a to 6 is variable and the series connection between 
a and b possesses self-inductance, the potential between a and 6, 
combining 6 and 54, is given by 

di 

64 Vab= +E -iR-Lj^ 

where B, i and R are defined as in 6, L is the self-inductance be- 

di ^^ • 

tween a and 6, and ^ is the rate of change of the current; ^is 
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positive when the current flowing from a to 6 is increasing and is 
n^ative when the current flowing from a to & is decreasing. 

Current flowing at Any Instant in a Series Circuit. In a series 
circuit containing a constant electromotive force (E), resistance 
(R) and self -inductance (L), as in Fig. 29, the potential between 
the two points a and b becomes zero when the switch is closed and, 

di 
from 64, + B — ii? — -^ jI = 0. This is a linear differential equa- 
tion of the first order and first degree, and its solution gives 



65 



*-!('-•"')+'• 



L 



amperes 



where u is the current flowing in the circuit t seconds after the 
switch is closed, e is the base of the natural system of logarithms 
(2.713), and / is the current flowing in the circuit, in the direction 
of the ultimate current, at time {t = 0). 





Fig. 29 



Fig. 30 



If the current flowing in the circuit when the switch is closed 
(< = 0) is zero, 65 reduces to 



66 



-i(--*) 



amperes. 



The curve represented by 66 is plotted in Fig. 30 and indicates 
that the current in such a circuit increases from zero to its ultimate 

value f ^ j at a diminishing rate. The time required for the current 

to reach its approximate ultimate value (an inflnite time is required 
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to reach its actual ultimate value) is proportional to the ratio (-^X 



L 
called the time constant of the circuit. When ^ is small, the cur- 
rent increases rapidly and when ^ is large the current increases 

slowly. 

If the switch in Fig. 30 is suddenly thrown to a', as in Fig. 31, 
the electromotive force {E) in 65 is eliminated from the circuit and 
65 reduces to 



67 



lU 



it = /€~ L amperes, 



where it is the current flowing in the circuit t seconds after the 
switch is thrown to a', R equals Ri + Rt, and / is the current flow- 
ing in Ri and L at time {t — 0). 





Fia. 31 



Fig. 32 



The curve represented by 67 is plotted in Fig. 32 and indicates 
that the current diminishes from its initial value to zero at a 
diminishing rate. The time required for the current to reach 
zero approximately (an infinite time is required to reach zero 

exactly) is proportional to the ratio ( p i p \ called as before 



the time constant of the circuit. When 



Ri + R2 



• is small, the cur- 



rent decreases rapidly and when -5 — p-5- is large the current de- 

/ti -7- XV2 

creases slowly. 
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Since the initial value of the current flowing through iJi, L, and 
fti is the same as that flowing through Ri and L just before the 
e.m.f. (E) was eliminated from the circuit, the initial potential 
between a' and 6' (va^^' = — IRi) may be many times greater 
than the original electromotive force impressed upon the circuit. 



CHAPTER IV 
THE DHtECT CURRENT DYNAMO 

Application of the Dynamo. A dynamo is designed for the 
continuous conversion of mechanical into electric energy or the 
reverse. When mechanical energy is converted into electric 
energy the dynamo is called a generator and when electric energy 
is converted into mechanical energy the dynamo is called a motor. 
The power deUvered from a dynamo is called its load. Generators 
are usually driven at constant speed at all loads while motors may 
vary in speed with the load, the character of the speed variation 
in any case depending upon the type of motor. 

Construction of the Dynamo. The principal features of con- 
struction of direct current dynamos intended for either generator 
or motor action are essentially the same. All direct current 
dynamos contain a stationary structure called the frame and a 
rotating structure called the armature. The frame includes the 




base, the field core and the members which support the armature 
bearings. The field core, which forms part of the magnetic circuit 
of the dynamo, may contain a single path as in Fig. 33 (a) or 
several paths as in 33 (b) and 33 (c). The parts of the field core 
adjacent to the armature are called the field poles and the remain- 
der of the field core is called the field yoke. Dynamos may be 

constructed with field cores containing any multiple of two field 

36 
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poles; examples of bipolar construction are indicated in Figs. 33 (a) 
and 33 (6), and an example of multipolar construction (a four 
pole field core) is indicated in Fig. 33 (c). The field core may con- 
sist of a single steel casting which includes the base of the dynamo 
or may consist of several parts bolted together. The poles are 
often constructed of laminated sheet iron and in some cases the 
entire field core is of laminated construction. The armature core 
is built up of laminated sheet iron stampings keyed to a steel 
shaft or a cast steel spider attached to the shaft. 

Electromotive Force generated in an Armature Conductor. 
The armature conductors of a dynamo are usually embedded in 
parallel slots on the surface of the armature core. The distribu- 
tion of the flux density normal to the surface of the armature core 
under two poles may be represented typically by the curve (B) 
shown in Fig. 34. Since the electromotive force generated in a 
moving conductor, from 52, is proportional to the flux density 
normal to its plane of motion, the electromotive force generated 




Fig. 34 

at any instant in each armature conductor as it moves from a to 
a' must therefore vary in the same manner as the flux density. 
The electromotive force (curve e) generated in each moving con- 
ductor is therefore zero at a, a positive maximum at 6, zero at c, a 
negative maximum at d, zero at a', etc. An electromotive force 
which varies in this manner is called an alternating electromotive 
force and is discussed in detail on page 73. 

The Bipolar Drum Winding. To impress a direct electromo- 
tive force upon a circuit connected to such a dynamo the armature 
conductors must be connected to each other and to the external 
circuit so that the electromotive forces of all conductors in the 
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armature which are connected in series will act in the same direction 
throughout that connection at any instant and the positive termi- 
nal of each of these series connections must be connected continu- 
ously to the positive terminal of the external circuit. 




The manner in which these requirements are satisfied in the 
bipolar dynamo is illustrated in Fig. 35. The various conductors 
on the armatiu-e are connected front and back to form an endless 
winding, called a drum winding. Each front connection is attached 
to a segment in a multi-segment ring, caUed a commutator, and 
the connections to the external circuit are made through two 
brushes which rest upon the commutator at diametrically oppo- 
site points. The current flowing into the winding at the negative 
brush divides at the point of brush contact, flows through two 
paths in the armature winding and leaves the armature at the 
positive brush. 

For the position of the armature shown in Fig. 35, the armature 
conductors are connected to the external circuit as shown diagram- 
matically in Fig. 36. The electromotive force generated in each 
conductor at this instant is shown in magnitude and direction in 
Fig. 37. The aggregates of the electromotive forces generated in 
each path for any position of the. armature are the same but are 
not constant. If the flux density normal to the surface of the 
armature is distributed sinusoidally and the width of the brushes 
is assumed negUgible the electromotive force generated in each 

path will vary from E cos -^toE to E cos r- as the brush passes 

over each commutator segment, where a is the angle subtended 
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by each commutator segment. The electromotive force generated 
between the brushes will be unidirectional in such a dynamo but 
will vary slightly as the armature rotates, the magnitude of the 





Fig. 36 



Fig. 37 



variation being less as the niunber of commutator segments is 
increased. 

The Multipolar Drum Winding. The size of the armature 
conductors in any dynamo depends upon the maximum current 




4 pole lap winding 
Fig. 38 



4 pole wave winding 
Fig. 39 



that the dynamo is expected to carry continuously. The number 
of armature conductors depends upon the speed of the armature 
and the electromotive force to be generated in the armature wind- 
ing. When the space requirements of the armature conductors 
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becomes large by reason of their size or number the requisite 
diameter of the armature may for many reasons suggest the use 
of a multipolar field core. Two types of drmn winding may be 
employed in connection with a multipolar field core, a lap winding 
(shown in Fig. 38) and a wave winding (shown in Fig. 39) . 

In the lap winding the conductors are joined by alternate for- 
ward and backward connections while in the wave winding the 
conductors are joined by successive forward connections. Two 
or more windings similar to those illustrated in Figs. 38 and 39 
and placed side by side may be employed to increase the number 
of paths through the armature. The winding is said to be simplex, 
duplex or triplex when it contains one, two or three such windings. 
These windings may be connected in series (called singly-reentrant) 
or may be independent of each other (called doubly-reentrant, 
triply-reentrant, etc.) 

The number of paths between brushes and the number of brushes 
required in a djniamo having p poles is given as follows for the 
various types of drum winding. 



Simplex 
Duplex. 
Triplex. 



Lap 



Paths 



P 
3p 



Brushes 



P 
P 
P 



Wave 



Paths 



2 

4 
6 



Brushes 



2 
2 
2 



While more than two brushes may be employed theoretically 
in connection with the multipolar wave winding practical condi- 
tions favor the use of two brushes. Brushes covering two or more 
conmiutator segments are used in connection with multiplex wind- 
ings. 

Winding Formulas for Simplex Drum Windings. Simplex 
windings are used almost exclusively in most dynamos and the 
rules for such windings only are therefore given in terms of the 
following symbols. 

Number of conductors in the winding, Z; number of poles, p; for- 
ward pitch (number of conductors spanning an end connection 
not including the conductor from which the connection starts). 
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y/; backward pitch (counted in the same manner as y/), yj,; average 

pitch f Y ya] any integral constant, k. 

Lap or wave winding; Z must be even and both y/ and yb must 
be odd. Lap winding; ya=— approximately and must be even. 

y/ — yb = 2 k. Wave winding; ya = and may be odd or 

even. When ya is odd y/ = yby and when ya is even y/ — yb = 2 k. 

Commutator and Brush Construction. A commutator con- 
sists of a ring of copper segments clamped between two cast-iron 
spiders, the copper segments being insulated from each other and 
from the spiders by reconstructed mica. The number of conunu- 
tator segments equals the number of armature conductors divided 
by an integer. . Although it is desirable to employ as large a niun- 
ber of commutator segments as possible to reduce the pulsations 
of the generated e.m.f. between brushes a large number of commu- 
tator segments imphes a large diameter of the commutator and the 
number of segments may be limited by the speed of the brush over 
the surface of the commutator at which satisfactory commutation 
may be obtained. 

Brushes, usually made of carbon, are supported by brush hold- 
ers which maintain sufficient pressure of the brushes on the com- 
mutator to obtain proper contact without excessive wear. The 
brush holders are attached to a brush yoke by insulated studs. 
The brush yoke is bolted to the frame of the dynamo and in many 
cases is adjustable as to position so that the brushes may be moved 
together through an angle around the commutator to improve 
commutation. 

Electromotive Force generated in a Drum Wound Armature. 

If S equals the rotational speed of an armature in revolutions per 

An 
minute the time required for one revolution is -^ seconds and the 

time required for one conductor to pass through the space between 

fin 

two consecutive interpolar planes is —^ seconds. If <l> is the total 

po 

flux entering or leaving each pole the average rate at which each 

conductor cuts magnetic flux is -tt or -~- maxwells per second. 

60 60 
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The average electromotive force generated in each conductoi 

from 53, is then given by JS?»v. = ^^^^ volts. If there are Z con 

ductors on the armature and m paths between terminals there will 

be — conductors connected in series in each path. Hence the eleo- 
m 

tromotive force generated in each path, or the electromotive force 
generated in the armature, is given by 

Z^pS 



68 



Ea = 



6 m X 10» 



volts. 



Dynamo Excitation. The magnetic flux which traverses the 
armature core, the air gaps and the field core may be produced 
by a permanently magnetized field core or by passing an electric 
current through coils wound on the field poles. The source of the 
magnetic flux in either case is called the excitation of the dynamo. 
Excitation by permanent magnetism is limited (1) by the low flux 
density attained in this manner, (2) by its inflexibiUty of adjust- 
ment, and (3) by the tendency of the flux density to decrease with 
age, vibration and temperature changes. Permanent excitation 
is used extensively, however, in small dynamos (called magnetos) 
in connection with gas engine ignition systems and in certain types 
of speed indicators. When the magnetic flux is produced by coils 

of wire carrying electric current 
the niunber of ampere turns re- 
quired to produce a given flux 
may be determined from 47 or 50. 
Armature Reaction. In any 
dynamo operated under load the 
brushes (to improve commutation 
as indicated later) may be located 
at an angle (6) from the interpolar 
plane as shown in Fig. 40 which 
represents the conditions existing 
imder the circumstances in a generator. Since the current in each 

conductor to the right of the plane (aa') flows downward and the 
current in each conductor to the left of the plane (oaO flows 
upward it is evident that the armature conductors when carrying 
current constitute a source of magnetomotive force which acts 
from a' toward a. 
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This magnetomotive force, called the armature reaction, may be 
resolved into two components. The magnetomotive force of the 
ampere conductors subtending sectors (1) and (2) is cross-mag- 
netizing and the magnetomotive force of the ampere conductors 
subtending sectors (3) and (4) is demagnetizing. The cross-mag- 
netizing magnetomotive force acting together with the field magne- 
tomotive force distorts the path of the magnetic flux through the 
armature, the amount of distortion depending upon the load on the 
dynamo. The demagnetizing magnetomotive force opposes the 
field magnetomotive force and decreases the field flux, the amount 
of reduction in flux depending upon the load on the dynamo. 

The demagnetizing ampere turns in the armature of any dynamo 
are given by 

^ AT J, = ^ ampere turns per pole, 

where Z is the number of armature conduietors, I a is the total arma- 
ture current, is the angle between the brush plane and the inter- 
polar plane, and m is the number of armature paths between ter- 
minals. The number of ampere turns required in the field winding 
per pole to produce a flux ($) in the magnetic circuit when the 
armature current is la amperes is then given approximately, from 
69 and 47, by 

70 Nflf = NJa + oTo I ^^^«™- ««« "I" ^^ sap + Sifleia I 

ampere turns per pole. 

Self-excitation. The current esta- 
blished in the field winding of a 
dynamo may be due to an external 
electromotive force (separate excita- % 
tion) or to the electromotive force 
generated in the armature (self-excita- 
tion). In either case (neglecting the 
effect of armature reaction) the field 
flux ($/) corresponding to any value 

of field current (//) will be represented by a curve as shown in Fig. 
41. Since the generated electromotive force at any stated speed 
is directly proportional to the flux per pole, a plot of the generated 
electromotive force (Ea) and the field current (//) with the 
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armature speed held constant will be of the same form as that 
shown in Fig. 41. 

Corresponding values of generated e.m.f . and field current are 
plotted in Fig. 42 for a dynamo operated at constant speed. If 
the excitation of a dynamo is provided by an external source of 
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e.m.f . (Eft) and the e.m.f. generated in the armature of the dynamo 
is of the same magnitude (Ea), it is evident (neglecting the resist- 
ances of the external source and the resistance of the armature) 
that the armature will continue to generate the same e.m.f . if the 
field switch (Fig. 43) is thrown to the right. 
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The Shunt Generator. A dyiiamo operating as a generator 
and self-excited by a field winding connected to the armature ter- 
minals as shown in Fig. 44 is called a shmit generator. It is usually 





Fig. 43 



Fig. 44 




Fig. 45 



unnecessary to employ an external source of excitation to obtain 
the initial generation of e.m.f . in the armature of the shimt gener- 
ator since, the magnetic circuit will in general be 
r^-v. traversed by a small amoimt of flux due to the 
\ permanent magnetism of the field core. A small 
I e.m.f. will therefore be generated in the armature 
*'' when it is brought up to speed and this e.m.f . will 
establish a small current in the field winding. If 
the magnetomotive force due to this field current 
assists the initial permanent magnetomotive force 
the resultant flux will be increased. The generated e.m.f., field 
current and field flux will then increase simultaneously as shown 
in Fig. 45 and the generator is said to *' build up." 

The generated e.m.f. (Ea) will continue to increase so long as Ea 
is greater than the product of the field current (//) and the field 
resistance (/J/), the armature resistance being assmned negligible 
compared with the field resistance. To find the point on the 
curve in Fig. 42 at which the generated e.m.f. ceases to increase, 
a line may be drawn from the origm making an angle with the 
horizontal axis such that any ordinate to this line measured in 
volts divided by the corresponding abscissa measured m amperes 
equals the resistance of the shunt field. The point of intersection 
of this line with the magnetization curve indicates the ultimate 
value of the generated e.m.f. since this value of Ea equals I/R 
and is also the Ea corresponding to the same //. If the resistance 
Une and the magnetization curve do not intersect, the generator 
will not " build up." If a line is drawn from the origin tangent 
to the magnetization curve the ratio of any ordinate to this line 
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Fig. 46 



to the corresponding abscissa is called the critical resistance of 

the shunt field. 
The armature current of a shunt generator operated at no 

load equals the field ciurent, but when a load is connected to the 

generator terminals the armature current 
equals the smn of the field current and 
the line current as shown in Fig. 46. 
The appUcation of load to the shunt 
generator is accompanied by a decrease 
in terminal potential for the following 
reasons: 

(1) The terminal potential of a shimt 
generator, from 6, is given by Vt=Ea— I Ma. 
If Ea is first assmned to remain constant it 

is evident that Vt must decrease as la increases. 

y 

(2) The field current of a shunt generator is given by // = r^-- 

it/ 

Since Vt decreases with an increase of load as indicated in (1) //, 
and (consequently) f> and Ea must decrease. 

(3) An increase in armature current being associated with an 
increase in load the demagnetizing m.m.f . of the armature must 
increase with the load and both * and Ea 
must decrease. 

A plot of corresponding values of Ea 
and h (called the internal characteristic) and 
corresponding values of Vt and h (called 
the external characteristic) for a shunt gen- 
erator under increasing load are shown in 
Fig.' 47. In a properly designed generator 
with low armature resistance and low de- 
magnetizing m.m.f. the change of terminal potential from no load 
to full load is usually less than five per cent. The terminal 
potential may be held constant for any load or made higher than 
at no load by manual or automatic adjustment of the shunt field 
resistance. 

The Series Generator. When the excitation of a dynamo 
operated as a generator is furnished by the line current flowing 
through field coils connected in series with the load and the arma- 
ture, as shown in Fig. 48, the dynamo is called a series generator. 
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The generated e.m.f . at no load will then be due to the permanent 
magnetism of the field core and as the line current (/j) increases, 
since /i = /# = /a, the generated e.m.f . (Ea) will increase as shown 
in Fig. 49. The terminal potential (Vt) for 
any value of the load will be less than Ea by 
an amount equal to laRa + I9R9 as shown in 
Fig. 49. The upper curve in Fig. 49 is the 
internal characteristic and the lower cm^e the 
external characteristic of the series generator. 
Such a generator is obviously not adapted to a 

constant potential system 
operating under variable 
load. Although employed 
to some extent in con- 
nection with series street 
lighting systems operated at constant cur- 
rent and variable potential the series genera- 
tor at present has very few applications. 

The Compound Generator. A genera- 
tor equipped with both shunt and series 
field windings and called a compound generator (Fig. 60) may be 
employed with advantage in many instances. The generator is 
called a short-shunt compound generator 
when the shunt winding is connected 
across the brushes and is called a long- 
shunt compound generator when the 
shunt winding is connected across the line 
terminals. Since the terminal potential 
of a shunt generator decreases with an 
increase of load and the terminal potential 
of a series generator increases with an 
increase of load, by combining the two 
windings in various proportions the ter- 
minal potential may be made to increase 
(over-compounded), remain constant (flat-compounded) or de- 
crease (under-compounded) as the load increases as shown in 
Fig. 51. The degree of compounding may be regulated by 
adjustment of the shunt field resistance or by adjustment of a 
resistance connected in parallel with the series field winding. 




Fig. 50 
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comp. 



Fig. 51 



Over-compounded generators are employed in connection with 
loads located at some distance from the generator and provide 

compensation for the potential drop in the 
transmission line. Flat-compomided gen- 
erators provide constant potential at the 
terminals at any load. Under-compounded 
generators are employed in general when 
compound generators are connected in parallel 
since the inherent distribution of load be- 
tween such generators is more uniform if each 
generator possesses a drooping external char- 
acteristic. 

Parallel Operation of Electric Generators. Power plants are 
in general equipped with two or more generators. In many cases 
a single generator could not be obtained which would supply the 
entire load on the plant. The use of a single generator would, 
moreover, reduce the reliabiUty of operation and no opportunity 
would be offered for making repairs without shutting down. Gen- 
erators should be selected as to number and size in any case to 
operate at the least annual cost under the present and future load 
curve of the plant. The number of generators installed in a plant 
may also be increased to meet the demands of an increased load on 
the plant due to extensions or increased production. Unless special 
conditions favor the separate operation of each generator in con- 
nection with certain parts of the load, all generators will be con- 
nected in parallel to the 
main bus bars and each 
generator will supply its 
share of the entire load on 
the plant. 

Parallel Operation of 
Shunt Generators. If a 
shimt generator, No. 1 in 
Kg. 52 for example, is sup- 
plying power to a load and another shunt generator, No. 2, is to 
be connected in parallel with it the terminal potentials of the two 
generators must first be adjusted to the same magnitude and 
polarity. The switch connecting the two generators may then be 
closed and the load may be distributed between the two generators 





Load 
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by adjustment of the shunt field resistances or the armature 
speeds. The mherent distribution of load between the two 
generators will depend upon their external 
characteristics. If the external character- 
istics are not of similar form each generator 
will supply the same proportion of its rated 
capacity to the load only at the terminal 
potential given by the intersection of the 
characteristics as shown in Fig. 53. The 
characteristics must be identical in form if 
the load is to be distributed inherently 
between the two generators at all loads in the same proportion 
of the rated capacity of each generator. 

Parallel Operation of Compound Generator^. If a compound 
generator, No. 1 in Fig. 54, is supplying power to a load and another 
compound generator, No. 2, is to be connected in parallel with 
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Equalizer 




Fig. 54 

it the terminal potentials of the two generators must first be ad- 
justed to the same magnitude and polarity. If switches & and 
Sz are now closed the two generators may operate satisfactorily 
in parallel but the operation with such connections is generally 
unstable. If the potential between c and d should drop for any 
reason below the potential between a and 6, current may flow 
through the series field of No. 2 in the opposite direction to the 
normal series field current so that the series field magnetomotive 
force will oppose that of the shunt field. This reversal of current 
in the series field of No. 2 will then cause a cumulative reduction 
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in the generated e.m.f . of No. 2 until No. 2 may finally be driven 
as a motor by No. 1. This action may overload No. 1 to the 
extent that its protective devices will disconnect it from the cir- 
cuit. If No. 2 is of insufficient capacity to supply the load it will 
also be disconnected from the load and the system will be without 
a source of power. 

The instability of operation just described may be eliminated 
by joining b and d in Fig. 54 with a low resistance connection called 
the equalizer. With such a connection the potential between a 
and b must be the same as that between c and d, and the reversal 
of either series field current is made impossible. The inherent 
distribution of load between two compound generators connected 
in parallel will depend upon their external characteristics and the 
relative resistances of their series field windings. For propor- 
tionate distribution of load between the two generators for any 
general load on the system the external characteristics should be 

identical in form and jyt inust equal ) '.^, where /i and Rg are 

the full load line current and series field resistance respectively of 
each generator. The distribution of load between the two genera- 
tors may be regulated by adjustment of the resistance of. the 
shunt fields, series fields, and sometimes the equalizer, or by ad- 
justment of the armature speeds. 

Principles of Commutation. The currents flowing in the vari- 
ous parts of a generator armature adjacent to one of the brushes 
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are shown in Fig. 55. Ix and ly are the two currents which flow 
through two paths in the armature toward the positive brush. 
When the brush is centered on segment No. 1 of the commutator, 
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the current ly flows through the armature conductors connected 
between segments No. 1 and No. 2, joins /^, and the combined 
current (ti = /jp + ly) flows from a to 6 through the brush. When 
the brush is centered {T seconds later) on 
segment No. 2, the current /, flows through 
the armature conductors connected between 
segments No. 1 and No. 2, joins /y, and the 
combined current (12 = /« + ly) flows from 
c to 6 through the brush. 

It is then evident that the current (t'c) flow- 
ing in the armature conductors connected 
between segments No. 1 and No. 2 reverses during the period of 
commutation as shown in Fig. 66. Sparkless conunutation will 
be obtained if the current (ti) flowing from segment No. 1 into 
the brush is zero at the instant when the brush breaks contact 
with segment No. 1. Since the connection between a and h 
through segment No. 1 contains no source of e.m.f. the current 
(fi) flowing in this connection will be zero when Vab is zero. The 
potential between a and h (taking the path ac6), from 64, is 

di 
given by Vaft = + ^c — iefc — i^r^ ^Le -if, where Ce, ie, re and Le are 

the electromotive force, current, resistance and inductance respec- 
tively of the armature conductors connected between segments No. 
1 and No. 2. Sparkless commutation will then be obtained if the 
e.m.f. (ce) generated in the conductors undergoing commutation 

di 
equals t>e + ^^2 + Le'-jf and acts from right to left in Fig. 56. 

The brushes must therefore be located with reference to the 

poles in such a position that the armature conductors imdergoing 

commutation will generate the required e.m.f. (ec) as the brush 

breaks contact with segment No. 1. In a generator this impUes 

that the brushes be advanced in the direction of rotation and in a 

motor retarded in the opposite direction as shown in Fig. 57. The 

angle between the commutating plane and the interpolar plane 

(6 in Fig. 57) must be increased as the load increases for two 

reasons: (1) because the distribution of the air-gap flux changes 

as the load increases and causes ee to decrease, and (2) because 

die 
to, tt and -TT increase with an increase of load and ec must be in- 
dt 
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creased in proportion to make Vab equal zero as the brush breaks 
contact with segment No. 1. 

It is often desirable that sparkless commutation be obtained 
without moving the brushes back and forth with each change of 



\n 
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the load. Among the various methods proposed for obtaining 
sparkless conmiutation at all loads without advancing or retard- 
ing the brushes some are expected only to decrease the sparking 
while others may eliminate sparking completely. The higher the 
resistance of the brush contact for a given potential between a and 
b the lower the current will be flowing from a to b through segment 
No. 1 (Fig. 55) just before the brush breaks contact with segment 
No. 1. Carbon brushes present a higher contact resistance than 
copper brushes and are therefore employed on most dynamos to 
reduce the destructive action of sparking. The mechanical wear 

of a copper commutator is also less 
with carbon brushes than with copper 
brushes. 

Any measure which prevents a 
change in the distribution of the air- 
gap flux with a change in load will 
lessen the sparking evil since the 
e.m.f . generated in the armature conductors undergoing commuta- 
tion will be the same at all loads if the field flux does not change 
with the load. In some dynamos the poles are slotted as shown 
in Fig. 58. The flux due to the armature magnetomotive force 
is then decreased by the high reluctance of the pole slots and 
the distortion of the air-gap flux is considerably reduced. The 
effect of the armature magnetomotive force may be completely 
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eliminated by constructing a fixed winding about the armature^ 

which is connected in series with the armature, and produces a 

magnetomotive force at all loads, equal and opposite to that of 

the armature winding. This fixed 

winding, shown in Fig. 59, is called a 

compensating winding. 

Complete suppression of sparking at 

all loads may only be attained by mak- 

di- 
ing Cc equal to z>c + i2r2 + Le -jf for 

Fig. 59 
any load. This result may be accom- 

pUshed by constructing auxiliary poles, called commutating poles, 
between the main poles as shown in Fig. 60. The commutating 

pole windings are connected in series 
with the armature so that the commuta- 
ting pole flux will increase with the load. 
The commutating pole flux may then 
be adjusted so that with the brushes 
located in a fixed position an e.m.f. will 
be generated in the armature conductors 
undergoing commutation, as they pass 
through the commutating pole flux, which 
will make Vat (Fig. 55) equal zero at the 
proper instant and produce sparkless 
commutation at all loads. The fixed adjustment of the commu- 
tating pole flux is usually accomplished by means of a variable re- 
sistance connected in parallel with the commutating pole winding. 

Difference between a Generator and 
a Motor. The direction of the e.m.f. 
generated in an armature conductor at 
the instant shown in Fig. 61, by the 
right-hand rule, is downward. If the 
direction of the current flowing in this 
conductor is also downward, the direc- 
tion of the force acting on the conductor, 

by the left-hand rule, is counterclockwise or opposite to the stated 
direction of rotation. The rotation of the armature must there- 
fore be due to some external torque. Mechanical energy is being 
converted into electric energy and the dynamo is operating as 
generator. If the direction of the current flowing in the conduc- 
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tor is upward the direction of the force acting on the conductor, 
by the left-hand rule, is clockwise or in the same direction as the 
stated direction of rotation. The rotation of the armature is 
therefore due to the electromagnetic force acting on the conductor. 
Electric energy is being converted into mechanical energy and 
the dynamo is operating as a motor. The nature of the operation 
of a dynamo is thus dependent solely upon the relative directions 
of the current and e.m.f. in its armature conductors; current 
and e.m.f . in the same direction indicate generator action, and 
current and e.m.f. in the opposite direction motor action. 

The relative direction of the current and generated e.m.f. in the 
armature conductors of a dynamo depends upon the relative mag- 
nitude of the terminal potential and the generated e.m.f . When the 
generated e.m.f . (Ea) of a dynamo is greater than the terminal poten- 

ET y 

tial (Vt) the armature current, from 14, is given by la = —^-5 — -'• 

Ka 

The current then flows in the same direction as the generated e.m.f. 
in each armature conductor and the dynamo operates as a genera- 
tor. The terminal potential of a generator, from 6, is then given by 

71 Vt = Ea- laRa VOltS. 

When the generated e.m.f. (Ea) of a dynamo is less than the ter- 
minal potential (Vt), the armature current, from 14, is given by 

la = —^-5 — -. The current then flows in the opposite direction 

Ka 

to the generated e.m.f. in each armature conductor and the dynamo 
operates as a motor. The terminal potential of a motor, from 6, 
is then given by 

72 Vt = Ea + laRa VOltS. 

Electromagnetic Torque of a D3mamo Armature. If the 
average flux density normal to the surface of an armature is Bby. 
gausses, the armature current is la amperes, the flux-cutting length 
of each armature conductor is s centimeters and there are m paths 
in the armature between terminals, the average force acting upon 

eachannature conductor,from36,is given by F.. = %i^dynes. 

If the distance from each conductor to the center of the armature 
(Kg. 61) is r centimeters, the average turning moment or torque 
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B I sr 
produced by each conductor is given by T^w, = f I' ° centimeter- 

10 m 

dynea and the total torque due to Z conductors is given by 

ZB I sr 
T = — ^^' centimeter-dynes. Since the product of the number 

of poles (p) and the flux entering or leaving each pole (^) equals 
the surface area of the armature permeated by magnetic flux 
(2 nTs) multiplied by the average flux density on the surface (Bav.)j 

p^ = 2 TTTs Bw. and Ba,y.sr = ^. Substituting ^ for B^.sr and 

converting the torque units into pound-feet, the electromagnetic 
torque of a djmamo is given by 

73 r = ^-^^ty pound-feet. 

In a generator the driving torque must exceed the value given by 
73 and in a motor the torque developed at the pulley will be less 
than the value given by 73, the difference in each case being the 
torque associated with the rotational losses of a dynamo (discussed 
in detail on page 62). 

The Speed-Torque Characteristic of a Motor. While the 
speed of a generator armature is fixed by the speed of the prime 
mover that drives it, the speed of a motor armature depends upon 
the electric and magnetic conditions within the armature and 
the nature of the mechanical load. The electromagnetic torque 
developed by a motor, from 73, may be indicated hy T = K^Ia 

pound-feet, where K^ = ' ^, ^ J^. The armature current, from 
14, is given by la = —^ — - and, since Ea = K^S where K2 = 

Ka 

J from 68, la = — — 5 . Hence the electromagnetic 



6m X 10» ' " Ra 

torque developed by a motor when the armature speed is S revolu- 
tions per minute is given by 

74 T = ^{Vt- K^S) pound-feet. 

Ka 

The electromagnetic torque is evidently a maximum at standstill 
unless the flux for some reason decreases with the speed. The 
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actual standstill torque will be less than that indicated by 74 

because resistance (R) must be connected in series with the arma- 

Vt 
ture at standstill so that la = p 4. p ^^ ^^* greatly exceed the 

armature current rating of the motor. 

The running speed of a motor is that speed, substituted in 74, 
which will make the electromagnetic torque equal the reactive 
torque, or the sum of the load torque and the rotational loss torque. 
A motor thus eliminates automatically any difference between the 
electromagnetic torque and the reactive torque by a suitable 
change in speed. Since the flux may also change with the speed 
the magnitude of the change in speed in any readjustment may 
depend upon the simultaneous change of flux. Since K^S = 
Vt — laRa and Ra is usually small K^S is sensibly constant, 
decreasing slightly as la increases. The change of speed due to a 
change of flux is therefore greater than a change of speed due to a 
change in reactive torque. A change of reactive torque alone will 
produce a slight change in speed but a change of flux in the ordi- 
nary motor will produce an inverse change in speed of nearly equal 
proportion. 

The Shunt Motor. The shunt field current of a shunt motor 
is supplied from the line as shown in Fig. 62. Since the terminal 
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potential (Vt) and the shunt field resistance (R/) are in general con- 

Vt 
stant the shunt field current (//), given by // = ^, will also be 

constant. The air-gap flux of a shunt motor will then be sensibly 
constant, changing slightly with the armature reaction. The 
flux ($) in 74 being assumed constant the torque of a shimt motor 
may be indicated hyT = K — K'S and may be represented graph- 
ically, within the range of current rating, by the curve shown in 
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Fig. 64 



Fig. 63. Since the speed decreases slightly as the torque increases 
the shunt motor is employed in most systems of electric drive 
which require variable torque at sensibly con- 
stant speed. 

The Series Motor. In the series motor (Fig. 
64) the line current (/i), the series field current 
(/,) (if the series field is not shunted) and the 
armature current (la) are the same. The air- 
gap flux will then vary with the line current 
(li) and, since Ea = K^S is a constant (very 

K 
nearly) ^S = Kor^ = -^ approximately. Sub- 

stituting -^ for $ in 74, r = -^ (approx.). The 

torque of a series motor is then (approx.) inversely proportional 
to the speed as shown in Fig. 65. If the no load losses are small the 

no load torque will be small and the no load 
speed may produce excessive centrifugal 
stresses in the armature. The operation of 
series motors of more than one horse-power 
capacity at no load is therefore inadvisable. 
Since the torque increases as the speed de- 
creases as shown in Fig. 65 the series motor 
is best adapted to applications of the electric 
drive which require light torque at high speed 
and heavy torque at low speed, and which never allow the motor 
to operate at no load. Street cars are invariably driven by series 
motors for this reason. 

The Compound Motor. Motors having both shunt and series 
field windings, called compound motors, possess speed-torque 
characteristics which may prove more desirable than those of the 
shunt or series motors in certain applications. Two types of com- 
pound motor may be used: the cumulative compound and the 
diflferential compoimd. 

In the cumulative compound motor (Fig. 66) the shimt and 
series magnetomotive forces act in conjunction. The relation- 

K' 

ship of the flux and speed may then be expressed by $ = K + -^ 

(approx.) since the flux due to the shunt field is constant and the 
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flux due to the series field varies (approx.) inversely as the speed. 

Substituting if + ^ for* in 74, T = Xi + § - K^S. This rela- 

tionship may be represented typically by 
the curve shown in Fig. 67. The slope of 
the curve depends upon the relative mag- 
nitude of the shunt and series magneto- 
motive forces. It will be noted that the 
cumulative compound motor has a definite 
(safe) no load speed and resembles the 
shunt motor in this respect but operates 
at lower speed than the shunt motor at 
higher values of the torque. The cumula- 
tive compound motor is therefore qm- 




FiG. 66 



T 
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ployed in electric drives which require a 
definite no load speed and a lower speed 
than would be furnished by the shunt motor 
under heavy torque. 

In the differential compound motor 
shown in Fig. 68 the shunt and series 
field magnetomotive forces act in oppo- 
sition. The relationship of the air-gap flux 
and the speed may then be expressed by 

^ = K ^ (approx.), since the flux due to the shunt field is 

constant and the flux due to the series field (in opposition) varies 
(approx.) inversely as the speed. 

^ for * m 74, r = Xi - =^ 

relationship may be represented typically by the curve shown in 
Fig. 69. The no load speed is definite as in the shimt and cumu- 
lative compound motor. An increase of load strengthens the 
series field flux (which opposes the constant shunt field flux) and 
decreases the air-gap flux. The generated e.m.f. (K^S) being 
sensibly constant the speed must increase. Since an increased 
speed will in general increase the reactive torque of the load the 
speed will increase consecutively resulting in unstable operation. 
The starting torque is also low (it may be negative and start the 
motor in the wrong direction) since the opposing series field under 



Substituting X - ^ f or * m 74, T = Xi - ^ - K^. This 
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ertarting conditions may produce a flux equal to or greater than that 

due to the shunt field. A dififerential compound motor with very 

few §eries turns may operate at sensibly constant speed but a 

shunt motor will serve nearly as well 

for this purpose and possesses none of 

the disadvantages of the differential 

compound motor. 

The Control of Starting Current 

in a Motor. Thie current flowing in 

the armature of a motor connected 

directly to the line at standstill is 

Vt 
given, from 14, by /a = ^" ^^^ ^ shunt 



motor and by la = 



Vt 




for a se- 
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Ra'i' R» 

Ties or a long-shunt compound motor. In most motors this 

current would be at least ten times greater 
than the rated armature current of the motor 
at full load. In a motor thus connected 
directly to the line the armature winding 
and the brush contacts would be heated 
excessively, the armature winding would be 
subjected to excessive mechanical stresses, 
and the heavy current drawn from the source 
of power supply would blow fuses or open 

circuit breakers, change the terminal potential and speed of other 

motors and dim the electric lamps on the same circuit. 

Before a motor is connected to the line a resistance (R) should 

therefore be connected in series with the armature so that the 

Vt Vt 



T 
Fig. 69 



initial current given by la = 



or 



will not 



Ra "h R Ra "h Rm "h R 

greatly exceed the rated armature of the motor at full load. The 
various types of starting box employed for this purpose contain 
some arrangement for decreasing the resistance connected in series 
with the armature as the motor comes up to speed and in general 
provide for an automatic reconnection of the series resistance when 
the line switch is opened so that the armature will be protected 
when the switch is closed again. 

A common type of shunt motor starting box is shown in Fig. 70. 
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After closing the line switch (/S), the starting handle (H) is moved 
toward the right. The resistance (XY) in the starting box con- 
nected in series with the armature is thus gradually reduced to 
zero as the motor comes up to speed. Current also flows through 
the starting handle to X and then through a small electromagnet 
(C) on the face of the starting box to the shunt field. The resist- 
ance removed from the armature circuit is thus transferred to the 
field circuit during the starting period so that the initial field cur- 
rent may exceed the normal field current and provide increased 
starting torque. When the starting handle makes contact with 
Y (the motor is then running at rated speed with all starting resist- 
ance disconnected) the handle is held in that position by the mag- 
netic attraction of the electromagnet (C). When the line switch 
is opened the current in the electromagnet (C) is interrupted and 
a helical spring at returns the starting handle to the original 
starting position. 

A common type of series motor starting box is shown in Fig. 71. 
The construction and operation is the same as in the shunt motor 
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starting box except that the electromagnet (C) of high resistance 
wire is connected across the line (from L + to L — ). The open- 
ing of the line switch interrupts the current in the electromagnet 
(C) and the helical spring at returns the starting handle to the 
origmal starting position. 

Adjustment of the Speed of a Motor. Since the speed of any 
motor is maintained by its electromagnetic torque a momentary 
change in the electromagnetic torque is followed by a similar 
change in speed. The electromagnetic torque, from 74, being given 
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by r = -^ (Vt — K^S) the torque and hence the speed of any 

Ka 

motor must depend (other factors remaining constant) directly 
upon Vt and inversely upon Ra. The speed of any motor may 
then be increased by increasing Vt or by decreasing Ra if the flux 
($) is maintained constant. It will be noted that a change in ^ 
may produce either a momentary increase or decrease in T depend- 
ing upon the relative magnitude of Vt and K^S. 

Vt 
When K^S (or Ea) is greater than -^ (as it is in the ordinary 

motor) an increase of $ is followed by a momentary decrease of T 

Vt 
and a consequent decrease in S, If K<^S (or Ea) is less than -^ 

an increase of ^ is followed by a momentary increase of T and a 

consequent increase in S, In the ordinary motor, since Ea nearly 

equals Vt, the speed is therefore inversely proportional to the flux. 

The speed of a shunt motor may be increased by increasing the 

resistance of the shunt field circuit and the speed of a series motor 

may be increased by decreasing the resistance of a shunt connected 

in parallel with the series field. If the armature resistance in 

Vt 
either motor is of such magnitude that Ea is less than -^ the speed 

changes, for the stated changes of resistance will be reversed. 

The methods of adjusting the speed of a motor may be summar- 
ized as follows: 



Increase 



Terminal potential . . 
Armature resistance. 

Air-gap flux [Ea >-ir 

} Vi 

Air-gap flux I -^a < y 



Increase 



Speed 



Speed 



Decrease 



Speed 
Speed 



If two or more factors are changed simultaneously the resulting 

change in speed will depend upon the magnitude of each effect. 

In the shunt motor, for example, an increase of Vt will also cause 

Vt 
an increase of $. IiEa> -^ the two effects will be in opposition 

4U 
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and the amount of speed increase will depend upon the flux den- 
sity in the magnetic circuit, the increase of speed for a given in- 
crease of Vt being greater when the magnetic circuit is saturated. 
The speed change due to any nimiber of changes in the operating 
conditions of a motor may be determined by equating ratios of 
Ea in 72 and 68 under the two operating conditions as follows: 



fj^ {Vt — laRa) 



fP^ZS\ 
1 ^ \ m )i 

(Vt - laRa)^ / (P^ZS)\ ' 

\ m /2 



The Power Losses in a Dynamo. The power losses in a dy- 
namo are usually classified as (1) copper losses and (2) rotational 
losses (frequently called the stray power). The copper losses (the 
power converted into heat in the shunt field, series field and arma- 
ture windings) are determined as follows: 

76 Shunt field P/ = 7/7/ = I/Rf = ^ watts, 

77 Series field P. = IJ^R, watts, 

78 Armature Pa = la^Ra watts. 

The rotational losses include (1) friction losses in the bearings 
and at the brushes, (2) windage loss due to the motion imparted 
to the surroimding air by the rotating armature, (3) hysteresis 
loss (see page 24) due to the reversing magnetism in the rotating 
armature core and (4) eddy current loss due to the heating effect 
of currents circulating in the armature core. 

Reduction of the Losses in a Dynamo. The copper losses 
depend upon the square of the current and the resistance of the 
various windings. Since the ampere turns required in the field 
windings depend upon the reluctance of the magnetic circuit the 
field copper losses will depend upon the cross-sectional area of the 
magnetic circuit. The reduction of the copper losses (since the 
currents in the various windings of a given dynamo are sensibly 
fixed) may be accomplished principally by increasing the weight of 
copper and iron in the respective electric and magnetic circuits. 
Copper loss reduction is therefore limited by the desired weight 
and cost of the dynamo and by the desired magnitude of the rota- 
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tional losses which increase in general as the weight of the dynamo 
increases. 

With reference to the rotational losses, the friction loss depends 
principaUy upon the speed, the condition of the bearings and the 
commutator, the lubrication and the brush pressure. The wind- 
age loss depends upon the speed, the surface irregularities of the 
armature and the natiu^e of the armatiu^e enclosure. Since the 
circulation of air aroimd the armatiu'e assists in cooling the various 
windings and the armatiu-e core no attempt is made to reduce the 
windage loss. Fan blades are frequently attached to the armatiu^e 
to augment the circulation of air and increase the rated capacity 
of the dynamo. 

The hysteresis loss may be computed with certain assumptions 

by 
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^* = 12 X 10» '^***^' 



where ti = 0.004 for ordinary shefet iron and 0.001 for the best 
annealed sheet iron, p = the number of poles, S = the speed in 
r.p.m., V = the volume of the armature core in cubic centimeters, 
and Bm = the average maximum flux density in the armature core 
in gausses. The eddy current loss may also be computed with cer- 
tain assiunptions by 
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Fig. 73 



N 



where t = the thickness of the laminations in centimeters and 
p = the resistivity of the iron in ohms per centimeter cube. All 
other quantities are described under hysteresis loss. If the arma- 
ture core were solid the e.m.f.'s generated in the rotating core 
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would cause currents to flow in the iron as shown in Fig. 72. By 
constructing the core of iron sheets (called laminations) insulated 
from each other electrically as shown in Fig. 73 the ratio of the 

e.m.f. to the resistance in each lamination 
is reduced and the eddy current loss is 
materially diminished. The laminations 
are punched from soft sheet iron, 0.015 inch 
or more in thickness, and are insulated by 
the natural surface oxide or by a coat of 
varnish. 

Determination of the Rotational Losses 
in a Djmamo. The rotational losses are 
usually determined experimentally by operating the dynamo as a 
shunt motor at no load, as in Fig. 74. The input to the armature 
(VJa) minus the armature copper loss (la^Ra) minus the rotational 
losses (Pr) equals zero or VJa — laRa — Pr — and 




Fig. 74 
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P, = VJa - Ic?Ra watts. 




FiQ. 75 



Since the rotational losses depend upon 
the speed and the flux density the rotational 
losses corresponding to any stated load are 
determined by operating the motor at no 
load at the same speed and flux density as 
at the stated load. If the mechanical output 
(Po) of a motor operated under load may be 
measured accurately the rotational losses may be determined by 

82 Pr = VJa - la^Ra - Po WattS. 

The Efliciency of a Dynamo. The efiiciency of a generator or a 
motor equals the ratio of the power output to the power input. 
The efficiency of a generator is then given by the ratio of the power 
output to the sum of the power output and the losses. Hence the 
efficiency of a generator is given by 

CO , VJ, 

"" ^' VJ, + Vrlf + I.^R, + URa + Pr 

The efficiency of a motor is given by the ratio of the power input 
minus the losses to the power input or 

7,7, - V,I, - UR. - WRa - Pr 
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If the output of a motor is measured by a Prony brake, as in Fig. 
2KdSF 



75, then Po = 



horse power, measuring d in feet, F in pounds 



33,000 

and S in revolutions per minute. Substituting T, the torque 
in pound-feet, for dF the power output is given by 

85 Po = 1.903 ST X 10-* horse power, 

86 Po = 0.1420 ST watts. 

The efficiency of a motor is then given by 

0.1420 sr 
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Characteristic Curves of a Motor. The principal operating 
characteristics of a motor (speed, efficiency, torque and line cur- 
rent) are usually plotted with reference to the output in horse 





Horae^pow^r 
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power and are called the characteristic curves of a motor. Typi- 
cal characteristic curves of a shunt motor are shown in Fig. 76, and 
of a series motor in Fig. 77. Full load values for each quantity 
are indicated by the intersection of the vertical dotted line. 



CHAPTER V 
DIRECT CURRENT MEASUREMENTS 



BiWer 




Silver 
Nitrate 

Porcelain 

Platinum 
Dish 



Fig. 78 



Legal Units of Electrical Measure. An Acit of Congress (1894) 
following the recommendation of the International Electrical Con- 
gress of 1893 established the following legal units of resistance^ 
current and electromotive force in the United States. 

The Ohm. The resistance offered to an unvarying electric cur- 
rent by a column of mercury at the temperature of melting ice 

14.4521 grams in mass, of constant cross- 
sectional area and of the length 106.3 
centimeters. 

The Ampere. The unvarying current 
which, when passed through a solution of 
nitrate of silver in water in accordance 
with standard specifications, deposits sil- 
ver at the rate of 0.001118 gram per 
second. 

The VoU. The electromotive force that, steadily applied to a 
conductor whose resistance is one ohm, 
will produce a current of one ampere. 

The same units have been adopted by 
most other countries and are therefore 
called international units. The device in 
which ciurent is measured by the deposi- 
tion of silver is called a silver voltameter 
(Fig. 78). 

Secondary Reference Standards. 
Since the mercury ohm and the silver 
voltameter have proved inconvenient for 
frequent use as reference standards the 

Bureau of Standards has prepared and maintained secondary 
reference standards of resistance and electromotive force. The 
secondary standards of resistance are sealed wire resistances called 

N. B. S. (National Bureau of Standards) standard resistances 
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(Fig. 79), which are compared at infrequent intervals with the 
mercury ohm. The secondary standard of electromotive force is 
the saturated Weston cell (Fig. 80) which is calibrated at in- 
frequent intervals by the silver voltameter and a standard resist- 
ance. The e.m.f. of this cell at 
20 degs. Cent, is 1.0183 volts. 
When used as reference standards 
the secondary standards of re- 
sistance and e.m.f. are compared 
respectively in groups, the aver- 
age value of the group in each 
case beii^ adopted as the second- 
ary standard. Pk, 30 

Commercial Laboratory 
Standards. The reference standards of the commercial laboratory 
resemble the secondary standards of the Bureau of Standards but 
may differ in certain elements of construction. A common form 
of commercial standard resistance, called the Keichsanstalt model, 
is a wire standard but unlike the N. B. S. model is not hermetically 
sealed. The conamercial standard cell is usually the unsaturated 
Weston cell, the cell used by the Bureau of Standards being satu- 
rated; that is, the Bureau of Standards cell contains an excess of 
cadmium sulphate crystals. While not 
as reliable as the saturated cell, the un- 
saturated cell is less affected by changes 
of temperature. The commercial or ter- 
tiary reference standards are compared 
occasionally with groups of secondary 
reference standards at the Bureau of 
pia, 81 Standards so that any changes in them 

may be detected. 
Ammeters and Voltmeters. Portable or switchboard instru- 
ments designed for the measurement of current or potential usually 
consist of a light rectai^ular coil of fine copper wire wound upon an 
aluminum frame, pivoted in jeweled bearings and located in the 
annular space between a soft iron core and the pole faces of a 
permanent magnet as shown in Fig. 81. Electrical connections 
with the coil are made through two spiral springs which also resist 
the ai^fular motion of the coil with a torque proportional to the 
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angular twist. Since the torque acting upon the coil is proportional 
to the coil current the magnitude of the current is indicated by 
the motion of a light tubular pointer over a calibrated scale. 

The instrument shown in Fig. 81 may be employed to measure 
a current not greater than 0.025 ampere and a potential not greater 
than 1.5 volts (approx.), the potential being determined indirectly 
by the product of the coil current and the coil resistance. To 
measure a current greater than 0.025 ampere the coil is shunted as 
shown in Fig. 82. If the coil resistance is represented by Re and 





Fig. 82 Fig. 83 



the shunt resistance by Rs the anometer resistance is given by 
^« " D — r~V- '^^^ ammeter current is then given by la = -^-^' 

the range of the instrument being dependent upon the relative 
magnitude of Re and Ra. To measure a potential greater than 1.5 
volts the coil is connected in series with a high resistance as shown 
in Fig. 83. If the resistance of the coil is represented by Re and 
the added series resistance by Re the resistance of the voltmeter is 
given by Rv =" Re + Re- The potential (V») across the voltmeter 
in terms of the potential (Ve) across the coil is then given by 

Vt = —n^y the range of the instrument being dependent upon 

Ke 

the relative magnitude of Rv and Re. 

The Wattmeter. The measurement of power in a direct cur- 
rent circuit is seldom accomplished by a single instrument since 
the power may always be determined by the product of the volt- 
meter and ammeter readings. The dynamometer wattmeter 
described on page 92 may be employed for this purpose whenever 
the use of a single instrument is found desirable. 

The Watt-hour Meter. The instrument most commonly 
employed for measuring the energy supplied to any part of a direct 
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Fig. 84 



current circuit is the Thomson watt-hour meter shown in Fig. 84. 
The revolving element consists of a spherical armature (A) with a 
conmiutator (C) and a metal disc (D), all mounted upon a shaft 
which turns on a jeweled bearing (B). The number of revolutions 
of the revolving element is regis- 
tered by a series of dials ((?) which 
are connected by gears to the shaft. 
Two field coils (FF) are connected 
in series with the load under meas- 
urement, and the armature in series 
with a compensating coil (C) and 
a high resistance (H) is connected 
across the line. The metal disc 
(D) revolves between the pole faces of two or more permanent 
magnets {MM). 

The instrument consists essentially oi a direct current shunt 
motor (at the top) which drives an alternating current generator 
(at the bottom). In the motor the field flux (€>/) is proportional to 
the line current (/j) and the armature current (7a) is proportional 
to the line potential (Vi) since the e.m.f. generated in the armature 
is very small. The motor torque (Tm) is then proportional to 
VJi or the power (P) supplied to the load, and Tm = KiP, In 
the generator, since the magnetic flux passing through the rotating 
disc is constant, the e.m.f. (E) generated in the disc is propor- 
tional to the speed (S) of the disc. Since the resistance of the disc 
is constant for a given temperature the current (/) flowing in the 
disc is also proportional to the speed (S) . The flux passing through 
the disc being constant the generator torque (To) is then propor- 
tional to the speed (S), and To = K2S. 

If the friction of the bearing, conunutator and gears is neglected 
Tm = To and P = KS, Since energy (W) equals the product of 
power (P) and time (0, W = Ft = KSt and W = KR where 
R = St is the nimiber of revolutions of the disc in time (t). With 
the proper gear connection the dials will then indicate directly 
the energy supplied to the load in a given time. The frictional 
torque of the revolving element being too large to be neglected, a 
compensating field coil (C) is provided to supply an additional 
torque which is independent of the load and equal to the frictional 
torque. Owing to the high resistance of the armature circuit the 
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speed of the motor is directly proportional to the field flux aa 
described on page 61. 

Measurement of Resistance. Accurate measurement of resist- 
ance may be accomplished by some form of Wheatstone bridge as 
shown in Fig. 85. A battery {B) is connected to the terminals 
(ab) of a parallel connection containing three known adjustable 
resistances (i?i, R2 and £3), the unknown resistance (i?4), and a 
galvanometer ((?) connected between c and d. 

The galvanometer usually consists of a light coil of fine wire 
suspended between the poles of a permanent magnet as shown in 





JML 



Fig. 85 
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Fig. 86. When conditions demand a more sensitive instrument a 
small permanent magnet is suspended at the center of a coil of 
wire as shown in Fig. 87. In either case the moving element of the 
galvanometer will twist when a very small current is sent through 
the galvanometer coil. Evidence of a twist in the moving element 
is usually magnified by directing a beam of light upon a small 
mirror attached to the moving element so that the reflected light 
may be viewed on a scale located at some distance from the gal- 
vanometer. The galvanometer in this 
way serves as a sensitive detector of 
an electric current. 

If no galvanometer deflection follows 
the closing of the galvanometer key 
in Fig. 85 the potential between c and 
d must be zero. Then Ii = h, h = 

IiRi IzRs 



— Q-pAA^ 




Fig. 88 



74, IlRl = IzRzi I2R2 = ^4^4, 



J i?i Rs 
and — = — . 

/t2 xl4 



The 



I2R2 liRA 

value of Ra may thus be determined by adjusting \Bi, R2 and R$ 
imtil there is no deflection of the galvanometer. 
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A less accurate measurement of resistance may be made with a 
voltmeter and an ammeter connected as shown in Fig. 88. If the 

V 
current taken by the voltmeter is neglected R = -j ohms. If the 

current taken by the voltmeter of Rv ohms resistance is considered 
VR, 



R = 



/fit,- V 



ohms. 



The Potentiometer. Accurate laboratory measurements of 
potential and current, the cahbration of instruments, etc., are in 
general accomplished by means of the instrument shown in !Fig. 89 



B. 



I 
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Fig. 89 

called a potentiometer. A battery {B) sends a current through an 
adjustable resistance {R) and a fixed resistance {Rod)) the capacity 
of the battery being suflSicient to maintain a steady current in the 
fixed resistance. One terminal of a standard cell {SC) is connected 
permanently to a definite point (6) in the fixed resistance {Rod) 
and the other terminal may be connected through a double-throw 
switch (S2), a galvanometer key (Si) and a galvanometer (G) to 
the point (a). If the resistance {R) is adjusted until the galva- 
nometer shows no deflection with the standard cell connected in 
the circuit I Rob must equal Ek, the e.m.f. of the standard cell; 
that is, Yab equals 1.0183 volts (usually). 

If the double-throw switch is now thrown downward connecting 
one terminal of an imknown potential (V) through the galvanom- 
eter to (a) and the other terminal of the unknown potential (V) 
is moved along the fixed resistance (Rod) until the galvanometer 

shows no deflection, then V must equal 7acor F = 1.0183 ( b^)- 
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The ratio (p^j is usually such as to make Vad equal 1.5 volts 

when the connection of the standard cell in circuit produces no 
deflection of the galvanometer. The resistance {Rai) is divided 
into several thousand equal parts and the end of each division is 

marked with the value 1 0183 (^^1, Rax being the resistance from 

(a) to any point (x). The value of the unknown potential may 
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Fig. 91 



then be read directly from the instrument at the point where the 
contact (c) gives no deflection of the galvanometer. 

Potentials higher than 1.5 volts may be measured by connecting 
a definite part of a high resistance (mp) between (m) and (n) as 
shown in Fig. 90. The imknown potential {V) then equals 

V ( r^ J and a voltmeter connected between (w) and (p) may be 

\timn/ 

calibrated throughout its range. In measuring current with the 
potentiometer a standard resistance (i?,) is connected between (m) 
and (n) as shown in Fig. 91. The current flowing through the 

V 
standard resistance is then given by / = ^ and an ammeter con- 
it* 

nected in series with the standard resistance may be calibrated 

throughout its range. 
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ALTERNATING CURRENT CIRCUITS 

Alternating Electromotive Force. The variation of the instan- 
taneous e.m.f . generated in each armature conductor of a dynamo 
during one revolution of the 
armature depends upon the dis- 
tribution of the flux density in 
the air gap as explained on page 
37. A plot of the successive 
instantaneous values of the 
e.m.f . generated during the pas- 
sage of a conductor by two 
poles is called the wave form 
of the e.m.f., a typical wave form of an alternating e.m.f. being 
shown in Fig. 92. It is desirable for many reasons that the 
wave form be sinusoidal and it will be so assumed throughout 
the chapter. A source of alternating e.m.f. is indicated by the 

symbol (g). 

Terminology of an Alternating E.m.f . A complete sequence of 
values of e.m.f. from zero to maximum positive {+Em) to zero to 
maximum negative ( —Em) to zero (Fig. 92) is called the e.m.f . cycle. 
The time in seconds taken by the e.m.f. to pass through one cycle is 
called the period (T) of the e.m.f. cycle. The number of e.m.f. 
cycles per second is called the frequency (/) of the e.m.f . cycles. 

The frequency then equals the reciprocal of the period or / = ^ 

cycles per second. The frequency of the e.m.f. and current in most 
alternating current systems is either 60 or 25 cycles per second, 
60 cycles per second being employed generally in lighting circuits 
and 25 cycles per second in circuits supplying power to motors. 
The mathematical equation for a sine wave is y = a sin te. If 
the angle subtended by two poles is called 2 tt radians and the origin 
be located at (Fig. 92), the angular distance of the conductor from 

the origin / seconds after leaving the origin will be ;^ • 2 t radians. 
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Substituting e for y, Em for a and -=r« < for 6x, the equation of the 

e.m.f. is given by 6 == -Em sin -=- t or e ^ Em sin 2 wft. The 

product (2 tt/) which represents the angular velocity of the con- 
ductor is usually indicated by w. The mathematical equation for 
a sinusoidal e.m.f. is then given by 

88 e == Em sin cot volts, 

where e is the e.m.f. in volts generated in the conductor t seconds 
after the e.m.f. is zero and is increasing toward the positive maxi- 
mum, Em is the maximum value of the e.m.f . in volts, and w is the 
angular velocity of the conductor in electrical radians per second. 
Electrical radians equal trigonometric radians multiphed by the 
number of pairs of poles. 

Difference in Phase. The wave forms of the two e.m.f.'s 
generated in the two conductors shown in Fig. 93 will be identical 
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Fig. 94 



since each conductor must pass through the same magnetic field. 
The e.m.f. generated in conductor No. 1 must differ from that 
generated in conductor No. 2 at the same instant since the two 
conductors do not pass through the same part of the magnetic 
field at the same instant. Corresponding values of e.m.f. are 
generated later in conductor No. 2 than in conductor No. 1 and the 
two e.m.f.'s are said to dififer in phase by a degrees. The phase 
difference between Ci and 62 may be represented graphically as 
shown in Fig. 94 in which the two wave forms are displaced by the 
angle (a) between the two conductors. In the wave diagram a 
lagging e.m.f . by convention is displaced to the right and a leading 
e.m.f . to the left of the arbitrary axis of reference. Although the 
angle (cd) in 88 is measm-ed in radians a phase difference is usually 
expressed in degrees. The e.m.f. (e-) in Fig. 94 for example, is 
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said to lag the e.m.f . (ei) by a degrees or the e.m.f . (ei) is said to 
lead the e.m.f. (€2) by a degrees. Phase difference may be indicated 
mathematically by referring each e.m.f. to the same origin. With 
the origin at 0, d = Emi sin (at and 62 = Ena sin (uyt — a) and with 
the origin at 0', €2 = Emz sin cot and 61 = Emi sin (cot + a). 

Addition of Sinusoidal E.m.f.'s. The two e.m.f.'s (ei and €2) 
in Fig. 94 may be added graphically by adding simultaneous ordi- 
nates as shown in Fig. 95. The resultant e.m.f. (eo) will also be 
sinusoidal and will differ in phase from both ei and €2. The same 
e.m.f.'s expressed mathematically by 

ei = EfM, sin <at and €2 = Ef^ sin ((at — a) 

may be added by applying the trigonometric formula for the sum 
of the sines of two angles multiphed by constants. The resultant 
e.m.f . is then given by 
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eb = 



V(E„i + £«2 COS a)2 + (E^ sin a)^ 

. / . . , Ena sin a \ ,, 

sm I wi — tan-i — ^ 1 volts. 

\ Efni + Ena cos a/ 



The same result may be obtained in a simpler manner by repre- 
senting each e.m.f. by a rotating vector as shown in Fig. 96, 
the rotation by convention being 
counter-clockwise at an angular 
velocity of « radians per second. 
Emh the maximum value of ei, 
is drawn along the horizontal axis 
(the axis of reference) and Em2y 
the maximum value of 62, is drawn 
at an angle of a degrees in a 
clockwise direction from Emi to 
indicate a phase lag of a degrees. 
The instantaneous e.m.f. in either 
case is given by the projection 
of each vector on the vertical axis. Since each vector rotates at 
the same speed the maximum value of their sum in accordance 
with the principle of vector addition is given by the diagonal 
(Emo) of the completed parallelogram. The horizontal component 
of Emo is Emi + E„2 cos a and the vertical component is Em2 sin a. 
Then E„o = ^(Emi + Emz cos a)^ + (Emz sin a)2. The phase angle 
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(fi) between 60 and ei is given by tan~^ r=- 



Ena sin a 



, , „ - and the com- 

?mi + Em2 cos a 

plete equation for the resultant e.m.f . is given by 89. It will be ob- 
served that any number of e.m.f.'s may be added in the same 



"mi 



i^-. 




Fig. 96 



manner by the vector method. If the summation of the horizontal 
components is indicated by XH and the smnmation of the vertical 

components by SF, eo = VJxHy+A^W sin Ld + tan'^ |^Y 

the signs of the various components being fixed by the usual con- 
vention employed in the system of rectangular coordinates. 

Current established in Resistance by a Sinusoidal E.mi. 
Since the current (t) estabhshed in a resistance (R) by an e.m.f . (e) 





Fig. 97 



Fig. 98 



from 14 is given by i = ^ for any value of e, the current established 

in a resistance (R) in Fig. 97 by a sinusoidal e.m.f ., e = Em sin cd, 
is given by 

90 i — -^ sin cat amperes. 



The wave and vector diagrams for a circuit containing resist- 
ance only are shown in Fig. 98. It will be observed that the 
current and e.m.f. are in phase and the maximum current (/») 
equals the maximum e.m.f. (Em) divided by the resistance (R). 
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Current established in Inductance by a Sinusoidal E.m.f . If 
an alternating current, ied = Im sin wt, is established in a circuit 

containingin- 
ductance only 
(Fig. 99) the 
e.m.f. induced 
in the induc- 
tance by the al- 
ternating cur- 
rent, from 54, 




Fig. 99 




is given by 

died 



Bdc = L 



dt 



J d(Im sin id) 

= ^ di 




Fig. 100 



= Lco/m COS cat 

= Lwlfn sin (o)t + 90°). 
An e.m.f., eai> = Lcolm sin (cot + 90°), must then be impressed 
upon the circuit to maintain the current, icd = Im sin wt. If an 
e.m.f., e = Em sin cd, is impressed upon a circuit containing induc- 
tance only the current is given conversely by 



91 



E 



i — j^ sin (a>t — 90°) amperes. 



The wave and vector diagrams for such a circuit are given in 
Rg. 100. It will be observed that the current lags the e.m.f. by 
90 degrees and the maximum current (Im) equals the maximum 
e.m.f . (Em) divided by the product of the inductance (L) and the 
angular velocity (w). 

The Capacitance of a Condenser. When two conducting 
materials are separated by an msulatmg material the combination 
is called a condenser (Fig. 101). When an e.m.f. is impressed 
upon a condenser containing a perfect insulator the current (i) 
flowing in the condenser equals the product of a constant (C) and 



the rate of change of the impressed e.m 



92 



de 



■'•(I) 



or 



i = C -17 amperes. 



The constant (C) is called the capacitance of the condenser and 
when the current is measured in amperes and the rate of change 
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Q— Conductingr Material 

Insnlatinff Material 
Dielectnio Ck>n«baat (](;) 



Area 

(/V) 



Fig. 101 



of the e.m.f . in volts per second the capacitance (C) is measured in 
farads. The microfarad, a smaller imit of capacitance, equals one 
millionth of a farad. The capacitance of a condenser is propor- 
tional to (1) the area {A) of each of 
the adjacent surfaces of the conduct- 
ing materials, (2) the dielectric con- 
stant (fc) of the insulation between the 
conducting materials and is inversely 
proportional to (3) the distance (d) 
between the conducting materials. The dielectric constants of 
various materials compared with air (fc = 1) are given on page 185. 
When several condensers are connected in parallel the equivalent 
capacitance equals the sum of the individual capacitances or 

93 C = Ci + Ca + Cs farads. 

When several condensers are connected in series the reciprocal 
of the equivalent capacitance equals the sum of the reciprocals 
of the individual capacitances, or 



94 



1=1+1+1 
C Ci C2 C3 



Current established in Capacitance by a Sinusoidal E.m.f. 

When a sinusoidal e.m.f., e = Em sin co<, is impressed upon a con- 
denser of C farads capacitance 
(Fig. 102) the current, from 92, is 
given by 





Fig. 102 



^ d(Em sm (d) ^ „ . T 

= C -^ jz = CcoEm COS cot ^ 

at 
= Co>Em sin {a>t + 90°) 



^ 



E-« 



or 
95 



E, 



Fig. 103 



i = -^sin (<d + 90°) amperes. 
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The wave and vector diagrams for such a ch-cuit are given in 
Fig. 103. It will be observed that the current leads the e.m.f. by 
90 degrees and the maximum current equals the maximum e.m.f. 
(Em) divided by the reciprocal of the product of the capacitance 
(C) and the angular velocity (a>). 

Maximum E.m.f. required to maintain a Sinusoidal Current 
in Resistance, Inductance and Capacitance respectively. The 
maximum value (Em) of the sinusoidal e.m.f. required to maintain 
a sinusoidal current of maximum value (/»,) in resistance, induc- 
tance and capacitance respectively may be summarized as follows: 



Resistance (R) 
Inductance (L) 

Capacitance (C) 



Em = ImR 
Em = Imlxa 

XSrm — 77- 



;<a 



e and i in phase. 

e leads t by 90 degrees. 

e lags t by 90 degrees. 



The Series Alternating Current Circuit. When an alternating 
current, i = Im sin a>t, is estabUshed in a series circuit (Fig. 104) 
containing resistance, inductance and capacitance an e.m.f. of 




Fig. 104 




maximum value (ImR) in phase with the current must be impressed 
upon the resistance, an e.m.f. of maximum value (ImLo)) leading 
the cmrent by 90 degrees must be impressed upon the inductance, 

and an e.m.f. of maximum value (tt^) lagging the current by 90 

degrees must be impressed upon the capacitance. The maximum 
value (Em) of the e.m.f. that must be impressed upon the entire 

circuit, from Fig. 105, is given by £« = y (ImR)^ + (/»!/« — gr ] 
or 
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96 



En, = Im yIP + (La> - ^Y volts. 



Computations involving series connections are simplified by 

replacing Lw. ^z-^ Leo — 7=- and l/U^ + 1 La> — 77- j by the fol- 

Co) Ceo V \ Ceo/ 

lowing symbols: 

S3anbol Designation Unit 

Xj^ = Lo) inductive reactance ohm 

Xc = TT capacitive reactance ohm 

X = Lw — 77- reactance ohm 

Ceo 

Z = 1/ i? + ( I/w — ^ J impedance ohm 

In Fig. 106, the tangent of the phase 
angle (d) between the e.m.f. and the 

cmrent equals y-5- or 




ImR Im Y 

Fig. 106 97 6 = tan"^ ^ degrees. 

The equation of the e.m.f. required to maintain a sinusoidal cur- 
rent, i = Jm sin cot, in a series circuit is then given by 

98 e = IfnZ sin (cot + tan-^ ^ volts. 

When an e.m.f ., e = Em sin cot, is impressed upon a series circuit 
the current is given conversely by 



99 t = ^ sin 



in ( eo< — tan~^ j amperes. 



When Leo = 77- in a series circuit, Z — R and the circuit is 

Ceo 

said to be in resonance. 

Power delivered by a Source of Sinusoidal E.m.f . If the cur- 
rent established in a circuit by a sinusoidal e.m.f., e = Sm sin id, 
is i = Im sin {cd — 6) the power delivered to the circuit at any 

instant, from 3, is given hyp = (Em sin cat) (Im sin (cat — ^)) = —^ — 

[cos 6 — cos (2 cot — $)] watts. 
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A plot of the instantaneous power is shown in Fig. 107. It will 
be noted that (1) the power wave is sinusoidal in form, (2) the fre- 
quency of the power wave is twice that of the e.m.f. or current, 
(3) the axis of the power wave 
(shown in dot and dash) will 
coincide with the axis of the 
e.m.f. and current waves only 
when ^ = ± 90 degrees, and (4) 
the power during the interval 
ipb) and (cd) is negative; that is, 
the circuit during these intervals 
delivers power to the source of 
e.m.f. The net energy delivered 
to the circuit dining one cycle of the e.m.f. equals the sum of the 
areas under the power wave during the intervals (6c) and (daO minus 
the sum of the areas under the power wave during the intervals 
(oft) and (cd). The average power (P), or the net energy delivered 
to the circuit during one cycle divided by the period (T), is then 

given by P = ^ f ~y^ [cos 6 - cos (2 cot - 0)] dt or 

100 P = M^ watts. 

In any part of a circuit containing resistance (R) only, since 
Em = ImB and 6 equals zero, the average power absorbed by the 
resistance is given by 

101 P = ^ watts. 



Effective Value of an Alternating Current or E.m.f . When a 
direct ciurent of Idc amperes is established in a circuit of R ohms 
resistance electric energy is converted into thermal energy at a 
rate, P = loe^R watts. The average rate of energy conversion as- 
sociated with a sinusoidal alternating current, i = /« sin co<, estab- 

/ ^R 
lished in the same resistance, from 101, is P = -^^ watts. For 

the same rate of energy conversion loe^R = -^ and Idc = — ^• 

J v2 

The direct current equivalent of an alternating current (the direct 

current which will convert the same amount of electric energy 
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into thermal energy in the same resistance) is called the effective 
value of the alternating current. Hence the efifective value (/) of 
a sinusoidal alternating current, i = /m sin (d, is given by 

102 / = —^ amperes. 

The direct e.m.f . equivalent of an alternating e.m.f. (the direct 
e.m.f. which will establish a direct current equal to the effective 
value of the current established by the alternating e.m.f. in the 

same resistance) is called the effective value of the alternating e.m.f. 

/ 
Since Edc = ItuR = IR = —7= R (for a sinusoidal current) and 

v2 

Em 



Em = ImR then Eac (substituting ^ for /„j = :^R = /- 

Hence the effective value (E) of a sinusoidal alternating e.m.f., 
e = Emsia (d, is given by 

103 B = ^volts. 

V2 

Power, Power Factor and Eilovolt-Amperes. The power 
formula (100) for sinusoidal e.m.f. and current may be rewritten, 

p^Em i^cos^, and, since ~ = E smd ^ = ly the power 

in terms of the effective values of e.m.f. and current is given by 

104 P = EI cos e watts. 

The ratio of the power dehvered to a circuit to the product of 
the effective e.m.f. and current, impressed upon and established 
in the circuit respectively, is called the power factor (p.f .) of the 
circuit. The power factor of any circuit is then given by 

p 

105 p.f. = ^j 

and, for a sinusoidal e.m.f . and current, by 

106 p.f . = cos 6. 

If each vector in Pig. 106 is divided by V2 the vectors will repre- 
sent the effective values of the stated quantities as shown in Fig. 
108. It will be noted that when all the electric energy delivered 
to a circuit is converted into thermal energy as in Fig. 104 the 
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IR 
power factor of the circuit is given by cos = j^ot 

107 p.f. = |. 

The component (/') of the current (/) in Fig. 108 in phase with 
E is called the energy component of the current and the component 
{I") dififering in phase with £ by 90 degrees is called the wattless 
component of the current. 




\ E I R X. Xc 



Fig. 108 Fig. 109 

The power converted in an alternating current circuit is given 
by one of the three expressions : 

108 P = ^\^^ kilowatts, 

109 P = ^\^^ kilowatts, 

PR 

110 P = -^r^ kilowatts. 

The application of each formula is the same as that described 
under 3, 7 and 4. 

The efifective potential or voltage {Vab) between two points (a 
and h in Fig. 109 for example) is given by 

111 Vab = E -IR-IXl- IXc volts, 

where E and / are the efifective values of the e.m.f . and current and 
the subtraction is vectorial. 
The kilovolt-amperes (KVA) delivered to any circuit is given by 

VI 

112 KVA = Y^r^ kilovolt-amperes. 

A Summary of the Alternating Current Series Circuit Rela- 
tions. The following relations apply to Fig. 110: 
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Rod ^^ Ri ~r Ri Xad ^^ -A 1 — X2 ~r -X^s — Xi^ 

Za„ = VRi* + Xi* Ztc = y/RF+x? Zct = X»- Xi, 
Zat does not = Za» + Zte + Zd unless -p:^ = -^ = -rr^ and each 



ratio has the same sign. 



R. 



ab 



Rbc Ri 



td 



^ 1^ +)4i Rt -Xt HX, -X4 



Fig. 110 



Toft = /^a» T^ftc = /^ftc y^ca = I Zed, 

Vad does not = Vab+ F»c + Fc* unless ^ = -^ = tt^ and each 



ratio has the same sign. 



R 



db 



Rbc Ri 



ed 



Vad = IZad* 




Fig. Ill 

The complete vector diagram for Fig. 110 is shown in Fig. Ill, 
all vectors being located in accordance with the principles stated 
on page 79 and measured by effective values. 



a ^ab a Rbc 

COS ddb = ly-i COS dbc = -^— 

iJab ^bc 

Pab = VabI COS dab = PRab, 
Pcd = Vedl COS Bed = PRcd, 



J COS 



Red a ^^ 

= •=-> COS dad = nT— 
lied l^Qd 



Pbe = VbJ COS dbc = PRiHi, 
Pad = Vaf/ COS dad = /^-Baf, 



Pad = Pab + -Pftc + -P«f. 

The Parallel Connection in an Alternating Current Circuit. 
The vector diagram of a typical parallel connection (Fig. 112) is 
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rhown in Fig. 113, all vectors being referred to the effective poten- 
tial (V«») between m and n. In Fig. 112, lab = 



led = 



Zi *" Z2 ' 

cos dab — -^ and cos Bed = ^* /mn equals the vector sum of ItA 
Zi Z2 

and led as shown in Fig. 113. The magnitude and phase relation 

of Imn may be determined from its horizontal and vertical com- 



m 



Xnm 



n 
R, -X, * ^ 

— WHI— ^^ 

Zs 

Fig. 112 



Vm» 




Fig. 113 



ponents as explained in the addition of e.m.f.'s on page 76. The 
horizontal component of I mm is given by 



^TT fmn i^\ I y mn ^2 -rr 

Zri Zri Zr2 ^2 



The vertical component of /«» is given by 



27 = _ Z^.^ + Z 
Zi Zi Z2 



mn -^2 TT- 



z 



2 






113 



Since /«» = V(2^)* + (SF)*, 

Imn = y I^Vm, (^^ + ^jj 




- F 






or 



27 



The phase angle (Omn) equals tan -' -^ or 



114 



^ = tan-> — 



/Xj_ 



z»* 



-Bl , -B: 



+ 



'2 



degrees. 



\Zi2 ' Z27 



Conductance, Susceptance and Admittance. Computations 
involving parallel connections are simplified somewhat by replac- 
ing 22' p' ^^^ V (z^j "^ (z*) ^^ ^''^^ following symbols: 
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Symbol 
X 

z« 



B = 



Designation 
conductance 

susceptance 
admittance 



Unit 
mho 

mho 
mho 



Formula 113 may then be written, 

Imn = Vn^ V (Gi + G^Y + {B, + B^Y = V^n ^ (GmnY + (B^nnY OF 

115 /mn = 7mn Ymn ampercs . 

The phase angle (Omn) is given by 

116 



dfnn = tan"i _ l^) degrees. 




v=iz 




Fig. 114 



Fig. 115 



The vector diagram for any part of an alternating cmrent cir- 
cuit expressed in terms of conductance, susceptance and admittance 
is shown in Fig. 114 (the admittance diagram) and the vector 
diagram for the same part of the circuit expressed in terms of 
resistance, reactance and impedance is shown in Fig. 115 (the 

V 
impedance diagram). Since / = VY = ^, it follows that 
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F = ^ mhos or Z = ^ ohms. 



In Fig. 114, cos ^ = y and in Fig. 115, cos ^ = y . Then y = y 



and since -y = RY, 
118 



12 = v^s ohms. 



In Fig. 114, sin ^ = ^ and in Fig. 115, sin 6 = -^. Then -^ = ^ 

X 

and since y = XY, 
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119 X = y^ ohms. 

When the resultant susceptance (B) of a parallel connection equals 
zero, Y = and the parallel connection is said to be in resonance. 
A Summary of the Alternating Current Parallel Connection 
Relations. The following relations apply to Fig. 112: 

Gmn = Gab + God 
Bmn = Bab + -B«f- 

It should be noted that the summation of conductances is arith- 
metic while the summation of susceptances is algebraic since the 
reactance is positive for inductive reactance and negative for ca- 
pacitive reactance. 







n _ ^1 


» _ — Xj 



Y<^ = VGoF+B^ Yd = VgJ+Bc^. 

B B 
Ymn does not = Yab+ Yea unless -^ = -p^ and each ratio has 

(jab iJed 

the same sign. 

V V 

7__ r mn __ TT V T — ^* — V V 

ad — rr — ^ mn^ ab J-ei — "^ — r mn^ ed» 

Zfi £t2 

B B 
Imn does not = lab + led uulcss 7^ = 7^ and each ratio has the 

same sign. 

J = ^ mn y y 

^ R\ Gab n -^2 God 

C08dab = -^ = T7-~ COS dod = ly- = TT-' 

ld\ I ab ^2 J^ €d 

COS dmn = -y— = TyT—} 

p (j'mn y Jjfnn 

J^ mn J^ mn 

The Series-Parallel Alternating Current Circuit. When an 
alternating cmrent circuit contains parallel connections the equiv- 
alent resistance and reactance of each parallel connection must 
be determined and the equivalent series connection substituted 
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for each parallel connection. In Fig. 116, for example, 0»e = Ot 
+ G, and B*, = B, + B,. Then fltc = ^ , , „ , and Xfc,= 



B 



Gtc* + Bto* 



be 



(?».» + B».*' 






Ri 



+ x. 



R. -X, 



Fig. 116 
itot = •Bi + i2»o, Xae = -X^i + Xtc) and 



Zac = V fiflc^ + -yoc*. 

Zftc = VfiJTX^ and 7** = /acZfte. 



Then /2 = ^ and /a = ^ 

Zj Zs 



CHAPTER VII 



ALTERNATING CURRENT MEASUREMENTS 

Measurement of Effective Current and Potential. Since the 
power converted into heat by a direct current is la^R and the 
average power converted into heat by an altemsCting current is 



tX 



i^R dt the direct current equivalent or the efifective value (/) 



of an alternating current is given by equating the two expressions 
and solving for /*.. The efifective value (7) of an alternating cur- 
rent is then given by 



120 



-M 



i^ dt amperes. 



In any instrument which indicates the efifective value of an 
alternating current the force acting upon the moving element 
must then be proportional to t^, the square of the instantaneous 
current, and the moving element must take a position correspond- 




FiG. 117 



ing to the average value of the squared currents during one cycle; 



that is, the deflection must be proportional to 



tJo 



i^ dt. The 



deflection being proportional to the average square of the current 
the scale divisions on such instruments will not be as uniform as on 
the direct current instrument described on page 67. 

The Hot Wire Ammeter. A platinum-silver wire is stretched 
between two insulated points on a bronze plate of the same coeffi- 
cient of expansion, as shown in Fig. 117. Since the heating efifect 

of an electric current (i) is proportional to i^R the temperature of 

89 
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the platinminsilver wire when conducting an alternating current 

1 C^ 
will be proportional to ^ I t^ eft, the mass of the wire being suffi- 
cient to maintain it at a constant temperature while the current 
passes through its cyclical values. The length of the wire, being 

1 C^ 
proportional to its temperature, is then proportional to ^ I t^ di. 

A string attached to the center of the wire is wound around a small 
pulley and is held taut by a spring so that any change in the 
length of the wire is indicated by the proportional angular motion 
of a pointer attached to the pulley. 

This instrument, called a hot wire ammeter, will then indicate 
the efifective value of an alternating current. The instrument is 
seldom used for ordinary measurements of current since it must 
be calibrated frequently and is somewhat sluggish in action. It is 
sometimes employed in circuits in which the effective value of the 
current varies rapidly (making use of its sluggish characteristic) 
and is appUed extensively to the measurement of alternating cur- 
rents of high frequency (as in radio telegraph and telephone cir- 
cuits). It is used frequently as a comparison instrument in the 
calibration of alternating current instruments, the deflection of the 
hot wire ammeter due to an unknown alternating current being 
later interpreted by a known direct current producing the same 
deflection. A hot wire voltmeter may be constructed on the same 
principle (a high resistance is connected in series with the platinum- 
silver wire) but the instrument possesses no particular advantages. 

The Electrodynamometer Ammeter and Voltmeter. A pivoted 
movable coil controlled by spiral springs is placed within a fixed 



-T^i£i^t)^§(^^Smj^ 



Fig. 118 



coil as shown in Fig. 118. The flux density {E) due to the fixed 
coil, from 37, is proportional to the current (i) and since the 
movable coil is connected in series with the fixed coil and carries 
the same current (t) the force acting on the movable coil, from 36, 
is proportional to iB or t^. The movable coil then takes up a 
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1 /»r 
position proportional to ^ I i^ (ft by reason of its inertia. The 

instrument constructed as shown in Fig. 118 and called an electro- 
dynamometer ammeter is adapted to the direct measurement of an 
alternating current not exceeding 0.75 ampere in effective value, 
the current being Umited by the current capacity of the spiral 
springs through which electrical connections are made to the 
moving coil. Electrodjmamometer ammeters designed to measure 
currents up to 10 amperes are sometimes made (the movable coil 
is then shunted) but such instnmients require careful adjustment 
for accurate measurement at all frequencies and are not generally 
used. 

In the electrodynamometer voltmeter a high non-inductive resist- 
ance is connected in series with the unit shown in Kg. 118, the 
resistances of the fixed and movable coils also being higher than 
in the electrodynamometer ammeter. The deflection of the volt- 
meter is then proportional to the efifective potential between its 
terminals since the effective current which produces the deflection 
equals the quotient of the effective potential and the resistance 
of the instrimient. The electrodynamometer principle is well 
adapted to voltmeter construction since the current conducted by 
the spiral springs in a voltmeter does not exceed a few hundredths 
of an ampere except in the low range instruments (0.5 ampere in 
a one volt voltmeter). Most alternating 
current voltmeters are therefore of the 
electrodynamometer type. 

The Iron Vane Ammeter and Volt- 
meter. If an iron vane is placed within 
an inclined coil conducting an alternating 
current as shown in Fig. 119, the force 
acting on the iron vane at any instant 
is proportional to the square of the flux density due to the current 
in the coil (see page 25). Since the flux density due to the current 
is proportional to the current the force acting on the iron vane is 
proportional to the square of the current. The point,er attached 
to the iron vane will then take up a position proportional to 

1 r^ 

ji I i^d< by reason of the inertia of the moving element. A spiral 

spring attached to the moving element provides the reactive torque 




Pig. 119 
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as in instruments previously described. The iron vane principle 
is well adapted to ammeter construction since the moving element 
carries no current. Most alternating current ammeters are there- 
fore of the iron vane type. 

In the iron vane voltmeter a high non-inductive resistance is 
connected in series with the incUned coil which is also of higher 
resistance than the coil used in the iron vane ammeter. The 
deflection of the pointer, as in the electrodynamometer voltmeter, 
is then proportional to the effective potential between the terminals 
of the instnunent. The iron vane voltmeter is seldom used for 
accurate measurements, however, because of the superior qualities 
of the electrodynamometer type. 

The Electrodynamometer Wattmeter. Since the power factor 
of an alternating current circuit is seldom known the power cannot 
generally be determined from voltmeter and ammeter readings. 
An instrument measuring the power directly, called a wattmeter, 
is therefore indispensable. In the electrodynamometer watt- 
meter (Fig. 120) the fixed coil is connected in series with the line 




Fig. 120 



(or conducts a certain portion of the Une current) and the movable 
coil in series with a high non-inductive resistance is connected 
across the line. The instantaneous current (v) in the fixed coil 
then equals (or is proportional to) the instantaneous line current 
(ij), and the instantaneous current (iw) in the movable coil is pro- 
portional to the instantaneous potential {vi) between the Une wires. 
The instantaneous flux density due to the fixed coil is then propor- 
tional to ii and, from 36, the force acting upon the movable coil is 
proportional to vdi or the instantaneous power suppUed through 
the Une to which the wattmeter is connected. The deflection of a 
pointer attached to the movable coil by reason of its inertia will 
then be proportional to the average power or VJi cos 6. 
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The Induction Watt-hour Meter. While the Thomson watt- 
hour meter described on page 69 may be employed with sUght 
alteration for the measurement of energy in an alternating current 
circuit the induction watt-hour meter shown in Fig. 121 is better 
adapted for the purpose. A revolving disc (D) is moimted between 
a potential coil (P) and the ciurent coils (CC). The flux (0c) 
permeating the disc due to the current coils is proportional to and 
in phase with ii. The instantaneous ciurent (ip) flowing in the 
potential coil (P) is proportional to the instantaneous line potential 




Fig. 121 



(vi) but lags it by nearly 90 degrees by reason of the highly induc- 
tive character of the potential coil. The flux (0,) due to the poten- 
tial coil current is proportional to and in phase with the potential 
coil ciurent (ip). The e.m.f. (ea) generated in the disc (D) by the 
alternating flux (0,), from 53, is proportional to 4>p and leads it 
by 90 degrees. The current (ia) estabUshed in the disc by ea is 
then proportional to and in phase with vi. 

The force acting upon the disc at any instant due to the reaction 
between id and 0c, from 36, is then proportional to the product of 
vi and iiy or the instantaneous power suppUed to the load, and the 
average torque acting upon the disc is proportional to the average 
power (P) supplied to the load or VJi cos d. The disc also rotates 
between the poles of two or more permanent magnets and the re- 
active torque (as described on page 69) acting on the disc is there- 
fore proportional to the speed (S) of the disc. Then P = KS and 
the energy (W) suppUed to the load in any time (t) is given by 
W = Pt = KSt otW = KR where R is the number of revolutions 
of the disc in the time (f). A series of dials (similar to those shown 
in Fig. 84) geared to the disc shaft will then indicate the number of 
kilowatt-hom^ suppUed to the load in a given time. 

Instrument Transformers. The potential coils of most alter- 
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Dating current instruments are designed for direct connection to 
circuits of 150 volts effective potential between line wires {300, 600 
and 750 volt instruments are also available) and the current coils 
are usually designed to conduct not more than 5 amperes effective 
current. High non-inductive resistances, called extension coils or 
multipliers, may be connected in series with potential coils when the 
effective line potential exceeds the range of the instrument. The 
potential reading of the instrument is then multiplied by the ratio 

where R, is the resistance of the potential coil and Rm 

is the resistance of the multiplier. This use of the multipher to 
increase the range of an instrument is restricted, however, to in- 
strumenta in which the inductance of the potential coil is negligible. 
The shunting of current coils to increase the range of an instru- 
ment is not as desirable in alternating as in direct current instru- 



{Hh 



ments since the division of current in the alternating current instru- 
ment between the current coil and the shunt will depend upon the 
frequency of the current unless the inductance of each connection 
is made negligible. The range of alternating current instruments 
is extended most conveniently and accurately by connecting poten- 
tial and current transformers to the potential and current coils as 
shown in Fig. 122. The line current (h) then equals TJt and the 
line potential (Vi) equals TfV„ where Te and T^ are the ratios of 
transformation of the current and potential . , 

transformers respectively. The principle \ \ 

of the transformer is discussed on page 128, □ a D D fl ^ Q Q 

The Frequency Meter. The measure- ^la 123 

ment of frequency is often accomplished 

by an instrument in which a series of steel reeds (Fig. 123) of 
definite successive frequencies of vibration are placed in the alter- 
nating magnetic field produced by a coil of high resistance wire 
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connected across the line. The frequency of the alternating 
magnetic flux will then be the same as that of the line potential 
and the reed of the same frequency will be set in vibration. The 
end of each reed is painted white and the frequency is indicated 
by the white blur produced opposite a scale indicating the fre- 
quency of each reed. Frequency meters are also made in which 

the coil currents vary with the change of react- 
ance due to a change in frequency. 

The Oscillograph. The wave form of an alter- 
nating current may be photographed with an 
instrument, called an oscillograph, which contains 
a vibrator, an intense concentrated source of Kght, 
and a photographic film attached to the surface of 
a rotating drum. The vibrator consists of a doubled fine strip 
of copper held taut between the poles of a powerful electromagnet 
as shown in Fig. 124. A small mirror cemented to the copper 
strip reflects a spot of light onto the film covering the rotating 
drum as shown in Fig. 125. When an alternating current is sent 
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through the vibrator the angular twist of the vibrator at any 
instant is proportional to the instantaneous current. 

A horizontal line of Ught would then be seen on the surface of 
the drum parallel to its axis, the length of the line (to scale) being 
equal to twice the maximmn value of the vibrator current. Since 
the drum is rotated at constant speed the sensitized film on its 
surface will record the successive positions of the spot of light and 
when developed will reveal the wave form of the vibrator current. 
If light is reflected from two vibrators onto the dnmi, one vibrator 
being connected across the line in series with a non-inductive resist- 
ance and the other vibrator connected in series with the line 
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(usually shunted by a low resistance), the simultaneous wave 
forms of the Une potential and the line current including their 
phase relation may be photographed. If the surface of the rotating 
drum is covered with several plane mirrors the vibrating spots of 
Ught may again be reflected upward to a plate of groimd glass 
The wave forms may then be seen and traced upon thin paper. 



CHAPTER VIII 

THREE-PHASE ALTERNATING CURRENTS 

The Generation of Three-phase E.m.f .'s. A single-phase 
generator has one armature winding (represented by the single turn 
xa in Fig. 126) in which an e.m.f., exa = Em sin wi, is generated. A 





three-phase generator has three armature windings (represented by 
the single turns xa, yh and zc in Fig. 127) located 120 degrees apart 
and in which the respective generated e.m.f. ^s differ in phase by 
120 degrees. The three generated 
e.m.f. ^s may be represented mathe- 
matically by exa = Em sin cat, Cyi, = Em 





Fig. 128 



Fig. 129 



sin ((d - 120°) and Cze = ^msin {o)t - 240°). The same e.m.f. ^s 
may be represented by a wave diagram (Fig. 128) and by a vec- 
tor diagram (Fig. 129). 

07 
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The Three-phase Y Connection. If the three armature 
windings of a three-phase generator are connected independently 
by six sUp rings to three identical loads, x'a', t/'&' and z'c* as shown 
in Fig. 130 the line currents i«„ iyh and i« will also differ in phase by 



'xa 




ty6 



C Ate C lb' 





Fig. 130 



Fig. 131 



120 degrees and each current will differ in phase with its e.m.f . by 
the same angle (d). The load is then said to be balanced and a 
balanced load is assmned throughout the chapter. The cur- 
rents, referred to ixa, may be represented 
mathematically by ixa = Im sin cat, iyb = 
Im sin {o)t — 120°) and izc = Im sin (cot — 
240°) . The same currents may be repre- 
sented by a wave diagram (Fig. 131) and 
by a vector diagram (Fig. 132). 

It will be noted (Fig. 131 for exam- 
ple) that ixa + iyb + izc = 0; that is, in 
Fig. 130, the sum of the currents at any 
instant flowing to the right between xx\ 
yy' and zz' equals the sum of the cur- 
rents at the same instant flowing to the 
left. The hne wires xx\ yy' and zz' are 
therefore unnecessary. If these line wire^ are removed and the 
terminals xyz and x'y'z' are connected as shown by the dotted 
lines the system may be operated with one-half the weight of Une 
wire required in the previous arrangement. 

The latter connection, called a Y connection, is usually repre- 
sented by the connection diagram shown in Fig. 133, substituting 




Fig. 132 
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oa for xa, oh for yb, oc for zc, etc. The connection point (o), com- 
mon to all three windings, is called the neutral point of the gener- 
ator; o' is the neutral point of the load. Eoai Eoi, and JS«. are 
called the effective phase e.m.f.'s (Ep) and Eab, Etc and £?«, are 
called the effective line e.m.f.'s (Ei) of the generator. The vector 




Fig. 133 

« 

diagram of the phase e.m.f.'s and line e.m.f.'s of a Y-conaected 
three-phase generator is usually constructed as shown in Fig. 134, 
although any axis of reference may be assumed. The Une e.m.f. 
(jBa») at the generator equals the vector sum of Eao and Eob» From 
Fig. 134 it will be seen that Eab =- 2 Eob cos 30'' or Eaj, = Vs 
Eot. Since the effective phase cm.f.'s are equal and the effective 
line e.m.f. 's are equal it follows that 
in the Y connection. 



121 



El = VsEp volts. 



The effective phase currents (loay 
lob and loc) are equal and the effec- 
tive line currents (laa', Ihb and I J) 
are equal. Since /«, equals laa', for 
example, it follows that in the Y 
connection the effective line current 
(//) equals the effective phase current 
(/,) or 
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h = Ip amperes. 




The power (Pp) converted by each Fiq 134 

phase of a Y-connected generator, 

from 104, is given by Pp = Epip cos dp where dp is the phase 
angle between Ep and /,, The total power (P) converted by the 
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E 

Substituting —4= 



generator is then given by P = 3 Epip cos Op. 
for Ep and h for Ip the total power is given by 
123 P = 'v/s EJi cos dp watts. 

It should be noted that cos 6pj the power factor of the three- 
phase system, is not the cosine of the phase angle between the line 
e.m.f . and the Une current but is the cosine of the phase angle 
between the phase e.mi . and the phase current. 

The Three-phase A Connection. The three line e.m.f.'s of a 
Y-connected generator are equal and differ in phase by 120 degrees 




Fig. 135 



as explained in the previous paragraph. If the three armature 
windings of a three-phase generator (oft, be and ca) are connected 
as shown in Fig. 135 the line e.m.f.'s will also be equal and differ 




Fig. 136 



in phase by 120 degrees. This is called a A connection. The 
load in Figs. 133 and 135 may be either Y- or A-connected. The 
effective phase currents (lab, Ibe and lea) of a A-connected three- 
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phase generator supplying power to a balanced three-phase load 
will be equal and differ in phase by 120 degrees as shown in Fig. 
136. Since the respective Une e.m.f.'s and phase e.m.f.'s are 
identical it follows that in the A connection 

124 El = Ep volts. 

The effective Une current laa' (for example) equals the vector 
sum of the effective phase currents /«, and 7^. Then in Fig. 136, 
laa = 2 /<w cos 30® or laa' = Vs lea- Sincc the effective phase 
currents are equal and the effective line cxurents are equal it fol- 
lows that in the A connection 

125 Ii = Vs/p amperes. 

The power (Pp) converted by each phase of a A-connected gen- 
erator, from 104, is given by Pp = Epip cos dp, where Op is the phase 
angle between Ep and I p. The total power (P) converted by the 
generator is then given by P = 3 EpIp cos Op, Substituting Ei for 

Ep and —4= for /« the total power is given by 123. 
v3 

The kilovolt-amperes suppUed by any three-phase generator is 

given by 

126 KVA = y^i3Ii kilovolt-amperes. 

1000 

The Three-phase V and T Connections. Three-phase line 
e.m.f.'s may be generated in an armature containing two wind- 
ings located 120 degrees apart and connected as shown in Fig. 137. 




Fig. 137 

This is called a V connection. It will be noted that a A connec- 
tion with one winding disconnected constitutes a V connection. If 
two windings located 90 degrees apart are connected as shown in 
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Fig. 138 and Eoa = — ^ -Bftc, the line e.m.f .'s will be equal and differ 
in phase by 120 degrees. This is called a T connection. 



/ \ 






-oa \ 



be 




Fig. 138. 



Other Polyphase Connections. Two windings located 90 
degrees apart in an armature (Fig. 139) will generate e.m.f .'s differ- 
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Fig. 139 



ing in phase by 90 degrees. The generator is then called a two- 
phase generator; the Une e.m.f.'s Eoa and Eof, in Fig. 139 are equal 
but the line e.m.f , Eab equals V2 Eoa or V2 Eot,. If four windings 
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Fig, 140 



located 90 degrees apart are connected as shown in Fig. 140 the 
generator is called a four-phase (quarter-phase) generator. In the 
six-phase generator the six armature windings are located 60 degrees 
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apart as shown in Fig. 141. Most modern alternating current 
generators are Y-connected three-phase generators. Two-phase 
and four-phase generators are employed occasionally in special 




Fig. 141 



cases and six-phase e.m.f.'s are frequently impressed upon syn- 
chronous converters (see page 121). 

Measurement of Three-phase Power by Three Wattmeters* 
In the three-wattmeter method the current and potential coils are 




Fig. 142 



Fig. 143 



connected as shown in Fig. 142 for a Y-connected load and as 
shown in Fig. 143 for a A-connected load. In either case the 
total power (P) is given by 

127 P = Pi + P2 + Ps watts. 

If the load is balanced the total power may be determined from 
the reading of a single wattmeter since P = 3 Pi or three times 
the power indicated by one wattmeter. In the A-connected load 
the potential coil circuit of the single wattmeter and two non- 
inductive circuits of equal resistance are connected in Y between 
a, b and c to furnish an artificial neutral. 



104 



ENGINEERING ELECTRICITY 



The Two Wattmeter Method. The instantaneous power (p) 
supplied to the load shown in Fig. 144, from 7, is given by 

p = Voaioa + V(dob + Vodoc Since 

ioe =^ — ioa — iob, P = Voaioa + 
Votiob — Voeioa — Voetob = (Voa — Voe) 
ioa + {Vob — Voe) lob = Vcaioa + Vaiob- 

If two wattmeters are connected 

as shown in Fig. 144, Pi will 

equal the average value of Veaioa 

^-N. v-.^^^ '«~ ^ L5 aiid P2 will equal the average 

TSf » *T "^ ^ value of Vaiok' The effective 

^-^^ phase potentials, line potentials 

and phase currents affecting the 

wattmeter readings in Fig. 144 are 

shown in Fig. 145. The average value of Veaioa is given by VeJoa 

cos (30** — 6). Hence the power indicated by wattmeter No. 1 

is given by 




No.S 



Fig. 144 
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Pi = VJi cos (30** - 6) watts. 




•V* 



FiQ. 145 



The average value of Vidob is given by VdJob cos (30** + 6). 
Hence the power indicated by wattmeter No. 2 is given by 
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Pi = Vili cos (30° + e) watts. 
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When the phase angle {d) is not greater than 60 degrees both 
wattmeters will read "on scale" and the total power is given by- 
ISO P = Pi -^ Pa watts. 

When the phase angle (6) is greater than 60 degrees (lagging cur- 
rent) wattmeter No. 2 will read "off scale." To obtain a reading 
"on scale" the connections to its current coil must be reversed and 
since the resultant reading is negative the total power is given by 

131 P = Pi - Pa watts. 

If the phase angle (6) is unknown the potential coil connection of 
wattmeter No. 1 (for example) to Une c should be broken and then 
reconnected to line b. If wattmeter No. 1 still reads "on scale," 
P = Pi + Pa. If wattmeter No. 1 reads "off scale" after the 
reconnection, P = Pi — Pa. 

Since Pi = VJi cos (30° - 6) and Pa = VJi cos (30° + d) then 

Pi -Pa ^ Vih [cos (30° - g) - cos (30° + 6) ] 

Pi + P2 Viii [cos (30° -ey+ cos (30° + e)] 

2 sin 30° sin ^ . ^^o . ,, tang , 

= K iJT^o ;; = tan 30 tan 6 = — 7=- and 

2 cos 30 cos e V3 

132 tan g = V3 §-^-5- 



CHAPTER IX 

THE ALTERNATING CURRENT TRANSMISSION LINE 

Choice of System and Potential. The power transmitted by 
a single-phase transmission line, Fig. 146 (a), is given by P = VI 
cos 6 and the power transmitted by a three-phase transmission line, 

Fig. 146 (6), is given by P = Vz W cos B. For the same power 

transmitted by each line VI cos 6 = Vs VI' cos 6 and /' = ~7^' 

The power converted into heat in the single-phase transmission 
line is given by P = 2 PR, where R is the resistance of each line 

w'r'i' 



WRI > 1 



I 



Ca) (6) 

Fig. 146 

wire. The power converted into heat in the three-phase trans- 
mission line is given by P = 3 /'^fi', where R' is the resistance of 

I P 

each Une wire. Substituting -y= for /', P = 3 -^ i2' = PR\ For 

the same power loss in each transmission Une 2 PR = PR' and R' = 

2 R. The weight (TT') of each three-phase Une wire then equals 

W 
one-half the weight (W) of each single-phase Une wire or W = '^' 

The ratio of the total weight of the three-phase line to the total 

3W 1 
weight of the single-phase Une is then — ^ • ^^ or 0.75. The use 

of a three-phase transmission line is then favored by a saving of 
25 per cent of the weight of wire required in a single-phase trans- 
mission Une. The total cost of a three-phase Une is more than 75 
per cent of the cost of a single-phase Une, however, since the three- 
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phase line requires more insulators and cross-arms, and the labor 
cost (stringing of three wires instead of two) is greater. 

The PR loss associated with the transmission of a given amoimt 
of power is inversely proportional to the square of the Une potential 
and the Une potential considered from this standpoint should be 
made as high as possible. An increase of line potential is accom- 
panied, however, by an increased cost of insulators and trans- 
formers (described on page 128), increased spacing between wires 
resulting in an increased cost of construction, and by an increased 
corona loss (power loss due to the current conducted by the atmos- 
phere between wires at high hne potentials). Taking all factors 
into consideration a line potential equal to 1000 times the length 
of the Une in miles is commonly adopted, the maximum Une poten- 
tial at the present time being 220,000 volts. 

Transmission Line Calculations. The size of wire adopted in 
any case should be governed by Kelvin's Law (see Formula 34), by 
the relevant mechanical condi- 
tions (the tension in the wire 
depends upon the distance be- 
tween towers, ice loading and 
wind pressure), and by the 
allowable difference in the Une 
potentials at the generator and 
load ends of the Une. Thevec- yiq. 147 

tor diagram of a single-phase 

transmission Une is shown in Fig. 147, where /, is the Une current, 
Ri is the Une resistance (both wires), Xi is the Une inductive react- 
ance (both wires), Vl is the Une potential at the load, Va is the Une 
potential at the generator, 6l is the phase angle betwe^ the line 
potential and the Une current at the load, and ^ois the phase angle 
between the Une potential and the Une current at the generator. 
The Une resistance may be determined from a wire table and the 
line reactance from o)L (L is given per mile per wire by 55). The 
Une potential at the generator from Fig. 147 is then given by 

133 Vo = V{Vl cos Bl + IiRiY + {Vl sin Bl ± IiXiY volts. 

The sign before IiKi is positive when the Une current is in phase 
with or lags the Une potential at the load and is negative when the 
line current leads the line potential at the load. It will be noted 
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that when the line current leads the Une potential at the load as in 
Fig. 148 the line potential at the load may be greater than the line 
potential at the generator. This effect is also reaUzed in a long 

transmission Une operated without load 
since the transmission line wires and 
the intervening atmosphere form a 
condenser. The capacitance of the 
condenser being distributed through- 
out the length of the Une, the line cur- 
rent wiU be greatest at the generator 
end and zero at the load end of the line. 
The exact solution in this case must 
therefore take into account the distrib- 
uted capacitance of the Une. 
The power factor (cos ^o) at the generator end of a single-phase 
transmission line, from Fig. 147 or Fig. 148, is given by 

Vl cos Sl + IiRi 
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cos^o 



Vo 



135 



The efficiency (r;) of a single-phase transmission Une is given by 

ViJi cos Ol 



VjJi cos Sl + imi 



Three-phase potential calculations are made with the assump- 
tion that the generator and load are Y-connected as shown 




Fig. 149 



in Fig. 149. Since the potential between o and o', the re- 
spective neutral points of the generator and load, is zero by 
sjonmetry a conductor of zero resistance and reactance may 
be assumed to be connected between o and o'. Calculations 
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may then be made for the single-phase circuit {oaa'o'o), the other 
two phases being disregarded. The vector diagram for this single- 
phase circuit may then be constructed as shown in Kg. 150, where 
h is the line current, Ri is the 
Kne resistance (one wire), Xi'm 
the line inductive reactance 

Vl 
(one wire), —y^ is the Y-phase 

potential at the load, --^ is the 

Y-phase potential at the gen- yiq. 150 

erator, Bl is the phase angle 

between the Y-phase potential and the Une current at the load and 

6q is the phase angle between the Y-phase potential and the line 

current at the generator. The Une potential {Vo) at the generator, 

from Fig. 150, is then given by 




136 Vo^Vz 



m 



cos ^i+Zjfi, 



)■- ( 



L V 

y= sin dLdzIiXi J volts. 



The power factor (cos da) at the generator end of a three-phase 
transmission Une is given by 



= cos Ol + IiRi 
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cos do = 



V3 



V3 
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The eflBciency (ij) of a three-phase transmission Une is given by 

V3 VJi cos Ol 



n = —7^ 



V3 VJi cos fli + 3 1?Ri 



CHAPTER X 

THE SYNCHRONOUS GENERATOR 

Construction. The synchronous generator eontams an arma- 
ture with a single-phase or polyphase winding and a magnetic field 
excited by a separate source of direct current. The armature 
winding may. be endless (as in a direct current dynamo) but is 
usually open. In a single-phase generator the ends of the open 
winding are connected to the Une and in a three-phase generator 
the three windings are A- or Y-connected (usually Y). The arma- 
ture may be stationary or revolving (usually stationary for genera- 
tors of more than 500 kilo volt-amperes capacity). Among the 
advantages of the stationary armature are better insulation, more 
thorough cooling (by forced ventilation), and more substantial 
terminal connections to the Hne. A revolving field may also be 
constructed to withstand higher centrifugal stresses than a revolv- 
ing armature. The windings of a revolving armature are connected 
to the line through two or more slip rings and a revolving field 
winding is connected to its source of excitation in the same manner. 
The frequency of a synchronous generator equals the product of 
the nimiber of poles (p) and the speed (S) in revolutions per min- 
ute divided by 120. The speed of a synchronous generator must 
therefore be maintained constant and is given conversely by 

120/ 
139 S = ^ revolutions per minute. 

P 

The maximum speed of a 60-cycle generator is then ^ > or 

120 X 25 
3600 r.p.m., and for a 25-cycle generator ^ > or 1500 r.p.m. 

E.m.f . generated by a Synchronous Generator. The maxi- 
mum e.m.f . generated in the armature of a single-phase generator 
when all the armature slots are filled with conductors equals the 
vector sum of the maximimi e.m.f.'s generated in the various con- 
ductors. Since the e.m.f.'s generated in two adjacent conductors 
differ in phase by the subtended angle the individual e.m.f .'s may 
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be represented by vectors of equal length drawn tangent to the 
surface of the armature. The vector sum of the individual e.m.f.'8 
is then represented to scale by the diameter of the armature {ab in 
Fig. 151). It will be noted that if the slots adjacent to a and h 
are left vacant the e.m.f. generated in the armature ia proportional 
to the length (cd) which is nearly equ^ to the length {ab). It is 
then evident that the conductors in the slots adjacent to a and b 
should be eliminated since they contribute Httle to the e.m.f. of the 
generator and increase the armature resistance and reactance if 
included. It is for this reason that approximately one-third of the 
dots of a single-phase armature are left vacant. 




In a three-phase armature the e.m.f. generated in each phase is 
proportional to the length {ab), (be) and (cd). Since each phase 
belt extends over a smaller portion of the circumference of the 
annatiu^ all the armature slots may be filled with conductors. In 
a single-phase generator the entire circumference of the armature 
may not be used effectively and its armature must therefore be 
larger in diameter than the armature of a three-phase generator 
of the same capacity. The single-phase generator in consequence 
weighs approximately 30 per cent more than the three-phase gen- 
erator and is therefore more expensive. 

Armatuie Reaction in Syndironous Generators. If the alter- 
nating current established in a single turn of wire revolving at a 
speed of w radians per second is in phase with the e.m.f. generated 
in the ain^e turn the magnetomotive force due to the alternating 
current at any instant is given by / = ^ sin t<rf, where Jm is the 
m aTd m n m magnetomotive force due to the current. The mag- 
netomotive force along the axis (XX') in Fig. 153 acting in 
conjunction with the field magnetomotive force is then given by 

/ = S, sin w( G 
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to the armature current at any instant along the axis {XX') plotted 
with the e.mi . generated in the rotating coil at the same instant for 
comparison is shown in Fig. 154. It will be noted that the frequency 

of the m.m.f. due to the armature 
current along the axis {XX') is 
twice that of the generated e.m.f . 
and successively aids and opposes 
the field m.m.f. The variation of 
the armature m.m.f. in a single- 
phase generator with a concentra- 
ted or distributed winding is the 
same as that shown in Fig. 154, 
the magnitude of the m.m.f . being 
less however in the distributed winding than in the concentrated 
winding. The magnetic flux produced by the armature m.m.f . is 
alternating and the hysteresis and eddy current loss in the arma- 






FiG. 154 



Fig. 155 



ture core due to the rotation of the armature in the magnetic flux 
produced by the field m.m.f. is therefore augmented by the alter- 
nating flux produced by the armatiu-e m.m.f . The magnetic flux 
in the field poles produced by the armature m.m.f . is an alter- 
nating flux of twice the frequency of the armatiu'e current and 
therefore produces a large hysteresis and eddy current loss in the 
field poles. 

If several independent single turns are woimd upon an armature 
as shown in Fig. 155 and the e.m.f. and current in each turn is in 
phase the sum of the currents and their directions on each side of 
the interpolar plane at any instant will be constant. The magnetic 
flux due to these armature currents will then be constant in mag- 
nitude and direction. Since the direction of this flux (^o) is per- 
pendicular to the flux due to the field m.m.f . it will neither aid nor 
oppose the field flux but will distort the flux through the armature. 
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The conductors in a three-phase armature are connected in groups 
{aa', W and ccf) as shown in Fig. 155 and will therefore produce 
a magnetic flux ($a) which is substantially constant in magnitude 
and direction. The hysteresis and eddy current loss in a three- 
phase generator will then be much smaller than in a single-phase 
generator and the efficiency of a three-phase generator will there- 
fore be higher than that of a single-phase generator. 
* Effect of Power Factor upon the Generated E.m.f. of a Syn- 
chronous Generator. In the single-phase generator (Fig. 153) 
the armature m.m.f . at any instant along the axis (XX') when the 





Fig. 156 Fig. 157 

armature current lags the generated e.m.f. by 6 degrees is given 

by f = 7m sin {(at — 6) cos (at = -^ (sin (2 (at — 9) — sin 0) 

= -^ sin (^(at — 6) ^ sin 0, This magnetomotive force 

plotted with the e.m.f. generated at the same instant is shown in 
Fig. 156. It will be noted that when equals zero (Fig. 154) the 
successive magnetizing and demagnetizing effects of the armature 
current are equal but that the demagnetizing effect with a lagging 
current (Fig. 156) is greater than the magnetizing effect. When 
the armature current leads the generated e.m.f. by 6 degrees 

/ = Ki sin {(at + e) cos «« = -^ (sm (2 (at + 6) + sin 6) 

= -^ sin (2 6)< H- ^) H- -^ sin B» This magnetomotive force plotted 

with the e.m.f. generated at the same instant is shown in Fig. 157. 
It will be noted that with a leading armature current the mag- 
netizing effect of the armature current is greater than the demag- 
netizing effect. The net armature flux and the generated e.m.f., 
in consequence, is therefore weakened by a lagging current and 
strengthened by a leading current. 
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In a three-phase generator the plane of the flux (*a) due to the 
armature currentB will be turned in the direction of rotation through 
an angle (fi) when the current in each phase lags the phase e.nt.f. 
by 9 d^^rees, as shown in Fig. 158, and 
will be turned in the opposite direction 
through an angle (0) when the phase cur- 
rent leads the phase e.m.f. by 6 degrees. 
A If^gii^ current then produces a de-* 
magnetizing effect and a leading ciurent 
a magnetizing effect in the three-phase 
generator. The generated e.m.f. will 
Pjg jgg therefore be decreased by a lagging cur- 

rent and increased by a leading current. 
Relation between Generated E.ni.f. and Terminal Potential. 
The vector diagram for a single-phase generator is shown in 
F^. 159. Ea is the generated 
e.m.f., Vt is the terminal po- 
tential, 7a is the armature 
current, is the phase angle 
between the terminal poten- 
tial and the armature current, 
Ra is the armature resistance, 
and Xa is the armature induc- 
tive reactance. Thegenerated 
e.m.f., from Fig. 159, is then given by 




140 Ea = V(V, cos fl + I Ay + {V, sin fl ± /^.)' volts. 

The dgn before laXa is posi- 
tive when /« is in phase with 
or lags V, and is negative when 
J. leads V,. 

The vector diagram for one 
phase of a three-phase genera- 
tor is shown in Fig. 160. E, 
is the generated phase e.m.f,, 
Vp is the phase potential, I, is 
the phase current, 9p is the phase angle between the phase poten- 
tial and the phase current, R, is the phase resistance, and X, is 
the phase inductive reactance. The generated phase e.m.f., from 
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Fig. 160, is then given by 

141 Ep = V(Vp cos ^ + IpRpy + (Vp sin 6 ± IpXp^ volts. 

In a A-connected generator Ei = Ep, and in a Y-connected gen- 
erator ^1 = Vs Ep. 

Parallel Operation of Synchronous Generators. Before gen- 
erator No. 2 can be connected in parallel with generator No. 1 in 
Fig. 161 the following conditions must be satisfied : (1) the terminal 
potentials, Vi and F2, must have the 
same frequency, (2) the terminal 
potentials must dififer in phase by 
180 degrees in the circuit abcda, and 
(3) the terminal potentials must be 
equal at any instant. If any one of 
these conditions is not satisfied cur- 
rent will flow from one generator 
through the other when the switch 
is closed. When all three conditions 
are satisfied the generators are said to be in synchronism. Any 
device connected across the open switch that will indicate the cur- 



No. t 




Fig. 161 






Fig. 162 

rent flowing in the circuit abed may be employed to syrchronize the 
two generators. 

In the dark lamp method incandescent lamps are connected 
across the open single-phase switch as shown in Fig. 162 (a). If 
the generators are not in synchronism the lamps will either bum 
steadily or flicker. The speed and terminal potential of each 
generator must then be adjusted until the lamps remain dark; 
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the switch may then be closed. The connections of the lamps for 
synchronizing three-phase generators by the dark lamp method 
are shown in Fig. 162 (6). In the bright lamp method the lamps 
are connected diagonally across the open switch as shown in Mg. 
162 (c) for a single-phase switch and in Fig. 162 (d) for a three- 
phase switch. In this case synchronism is indicated when the 
lamps burn brightest and do not flicker. An instrmnent called a 
synchroscope, or a synchronism indicator, may be connected be- 
tween the generator to be synchronized and the bus-bars. The 
rotary motion of a pointer on the instrmnent indicates whether 
the generator to be synchronized is running too fast or too slow. 
Synchronism is indicated when the pointer remains stationary in 
a vertical position. 

After the two generators (Fig. 161) are connected in parallel the 
load may be distributed between the two generators by regulating 
the mechanical power input to each generator (admit more or 
less steam to a steam turbine for example) and by adjusting the 
generated e.m.f.'s of the two generators. The adjustment of the 
generated e.m.f.'s alone will efifect no change in the power sup- 
plied by each generator but will change the power factor of each 
generator. The mechanical power input and the generated e.m.f . 
of each generator should be adjusted until each generator supplies 
its proportion of the total load and the power factor of each gen- 
erator is the same and equal to the load power factor. 



CHAPTER XI 
THE SYNCHRONOUS MOTOR 

Construction. The construction of the synchronous motor is 
substantially the same as that of the synchronous generator; that 
is, it contains a stationary or revolving single-phase or three-phase 
armature and a magnetic field excited by a separate source of direct 
current. 

Starting Conditions. If an alterating current is estabUshed in 
an armature winding located in a magnetic field of fixed direction 
as shown in Fig. 163 the armature torque is alternating, clockwise 
for the direction of current shown in Fig. 163 and counterclock- 
wise during the next half-cycle. There is therefore no net torque 
in either direction and the synchronous motor is not self-starting. 
If the armature (or the field, as the case may be) is rotated by an 

120/ 
auxiliary motor at a speed of revolutions per minute and the 

e.m.f . generated in the motor armature is made equal and opposite 
to the line potential at any instant the alternating current estab- 
lished in the armature winding when the line switch is closed and 
the auxiliary motor is disconnected will change in direction 





synchronously with respect to the poles so that the direction of the 
armature torque will remain constant. It will be noted, in Fig. 
164, that the armature has turned 180 degrees from the position 
shown in Fig. 163 and since the current has also reversed in direc- 
tion the torque is still clockwise. The torque of a single-phase 
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motor will be pulsating but in a three-phase motor the torque will 
be nearly constant. In starting a synchronous motor synchronism 
may be indicated by the dark or bright lamp method or the syn- 
chroscope employed in synchronizing generators operated in 
parallel. After the synchronous motor is synchronized and con- 
nected to the line the auxiliary motor may be disconnected electri- 
cally or mechanically. The synchronous motor will then rotate 
under its own torque at constant speed (given by 139). 

The Effect of changing the Load on a Synchronous Motor. 
The terminal potential (Vt) of a single-phase synchronous motor 
must equal the vector sum of the generated e.m.f. (Ea), the resist- 
ance potential (laRa) and the inductive reactance potential (laXa) 
as shown in Fig. 165. For the three-phase motor the same dia- 




Fia. 165 

gram may be constructed substituting Vp for Vt, Ep for Eaj IpRp for 
laRay and IpXp for IaXa» An increase of load will cause the arma- 
ture to slow down momentarily and then continue to rotate at the 
same constant speed as before. Each conductor on the armature 
will then pass a given point on a pole face a little later than it did 
before the load was increased. The generated e.m.f., while un- 
changed in magnitude except through the effect of armature 
reaction, will then lag the terminal potential by a greater angle as 
shown by the dotted vector in Fig. 165. The armature current 
will then be readjusted in magnitude and phase until the power 
input to the motor equals the power output plus the losses. A 
momentary change in speed due to a sudden application of heavy 
load may cause the armature to drop out of synchronism and 
come to rest. 

The Effect of changing the Excitation of a Synchronous Motor. 
If the excitation of a synchronous motor operating under the con- 
ditions shown in Fig. 165 is increased the generated e.m.f. must 
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increase and the electrical conditions will then be represented by 
the vector diagram shown in Fig. 166, where Vt is referred to the 
same axis of reference as in Fig. 165. It will be noted that an 




Fig. 166 

increase of the generated e.m.f. may cause the armature current 
to lead the terminal potential. The power factor of a synchronous 
motor may thus be controlled by adjustment of the field current. 
Since the current supplied to the motor depends upon the power 
factor for a given load the armature current will depend upon the 
field current. A plot of the armature current and the field current 
of a synchronous motor at full load and half load (called the 
V-curves of a synchronous motor) is shown in Fig. 167. 
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Fig. 168 



When sjoichronous motors are operated independently the power 
factor of each motor may be made unity by adjustment of the field 
current. If one or more synchronous motors are connected in 
parallel with other motors which operate imder a lagging power 
factor not subject to control, the field current of the synchronous 
motors may be adjusted until the wattless component (//) of the 
leading synchronous motor current equals the wattless component 
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(ZaO of the lagging current supplied to the other motors. The 
line current (7j) in Fig. 168 will then be in phase with the line 
potential (Vi) (or the Y-phase potential of a three-phase line) and 
the system will be operated at unity power factor. A synchronous 
motor used for this purpose (correction of power factor) is some- 
times called a synchronous condenser and may either supply me- 
chanical power or be operated under no load. Static condensers 
are sometimes used in place of synchronous motors to accomplish 
the same effect. 



CHAPTER XII 
THE SYNCHRONOUS CONVERTER 

Construction. A synchronous converter is similar in construc- 
tion to a shunt or compound direct current generator with the 
addition of two or more slip rings connected to the armature wind- 
ing. The synchronous converter then consists of a revolving 
drum wound armature with a commutator and slip rmgs, and a 
shunt or compound field winding. The single-phase converter 
(rarely used) has two slip rings connected to respective points in 
the armature winding located 180 electrical degrees apart and 
the three-phase converter has three slip rings connected to respec- 
tive points in the armatiu'e winding located 120 electrical degrees 
apart. 

Applications of the Synchronous Converter. In certain appli- 
cations of electric power direct currents are more desirable than 
alternating currents; notably, in arc lighting, in electric motors 
requiring close speed adjustment, in electrolytic processes in which 
the desired chemical action depends upon the direction of the cur- 
rent, and in most electric railway systems due to the relevant 
adaptation of the series direct current motor. If a synchronous 
converter is synchronized and connected to an alternating current 
soiu'ce of power it will operate at constant speed as a synchronous 
motor. The rotating armature will also serve as the armature of 
a direct current generator. Direct current can then be taken from 
the brushes on the commutator side, supplying power to a direct 
current load and also furnishing excitation to the field winding. 
The principal use made of the synchronous converter is in this 
capacity; namely, to xjonvert alternating current power into direct 
current power. The same machine may be operated as a direct 
current shunt or compound motor and convert direct current power 
into alternating current power. A synchronous converter may be 
connected, for example, between a storage battery and an alter- 
nating current system when conditions require the maintenance 

of a storage battery reserve. If the armature be driven mechan- 
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ically a synchronous converter may be employed to convert 
mechanical power into alternating and direct current power 
simultaneously. 

Relation between the Direct E.mX and the Alternating E.mi. 
generated in a Synchronous Converter. In a sin^e-phase 
synchronous converter the e.m.f. (Eoc) generated between the com- 
mutator brushes equals the maximiim e.m.f. (Em) generated 
between the slip rings. The effective value (Etc) of a sinusoidal 
e.m.f. generated in a sii^le-phase con- 
verter is then given by 

142 Eoc = fy = 0.707 Eic volts. 

If the effective value of the e.ni.f. 
generated between two diametrically 
^Q jgg opposite points on the armature winding 

of a synchronous converter is repre- 
sented by the vector (Ea) in Fig. 169 the effective value (Eac) 
of the phase e.m.f. generated in a three-phase synchronous con- 
verter is given by £„ = -^ ■ —%■ Since Et, =zA g-. K„ = 
Bn v2 2 "• " 

— - . — ^ and the eflFeetive e.m.f. (Eat) generated between the slip 
rings of a. three-phase synchronous converter is given by 

143 E„ = y |b^ = 0.612 Ei, volts. 

Relation between the Direct Ciurent and the Alternating Cur- 
rent in a Synchronous Converter. The approximate relation- 
ship of the direct and alternating current may be determined by 
neglecting the copper losses and rotational losses in the converter. 
In a single-phase converter the alternating current power input 
then equals the direct current power output and, assuming unity 
power factor, EaJae = EiJa- Substituting 

fy for £„, ^ 7„ = E^J^ and 
V2 v2 

144 I„= V2I^= 1.41 lie amperes. 
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Since the maximum value (/m) of a sinusoidal alternating current 
equals V2 times the eflfective value the maximum value of the 
alternating current in a single-phase converter at unity power 
factor is given by Im = v^ • V^ /dc = 2 J*.. 

In a three-phase converter operating at unity power factor 
v3 EaJac = EdJdc or 

V3y - EaJac = EaJde and lac = 77^ V 3 I^ or 
145 /^ = i/- lac = 0.943 Ide amperes. 

The actual value of the alternating ciirrent will be greater than 
the values given by 144 or 145 because the losses are not negligible. 
The alternating current will also be 
greater if the power factor is less than 
unity. 

The Advantages of the Polyphase 
Converter. In a single-phase con- 
verter (Fig. 170) the direct current 
enters the armature at the negative 
brush and flows through two paths in 
the] armature winding to the positive 
brush. The alternating current (for ^iq 17o 

the position shown) enters the arma- 
ture from the positive slip ring and flows through two paths in 
the armature winding to the negative sUp ring. In conductor 
No. 1, the alternating e.m.f. between the slip rings being zero for 
the position shown, the current will also be zero for operation at 
unity power factor and will vary during one revolution as shown in 
the curve (iac) in Fig. 171. The direct current flowing in con- 
ductor No. 1 will vary during one revolution as shown in curve 
(ide) in Fig. 171; ide being approximately equal to one-half the 
maximum value of iac and reversing in direction under each brush. 
The composite ciurent (ii) flowing in conductor No. 1 dming one 
revolution is then given by the sum of iac and ide at any instant. 
In conductor No. 2 (located half-way between the slip ring con- 
nections) the composite current (t2) is given at any instant by the 
sum of the currents iac and ide as shown in Fig. 172. 
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Since the heating effect of the current is proportional to i^/Z at 
any instant it will be noted by comparing ii and i^ at any instant 
that more power will be converted into heat in conductor No. 1 
than in conductor No. 2 (actually 6.6 times as much in No. 1 in 
one cycle as in No. 2). The capacity of a single-phase converter 
is thus limited by the excessive heating of those conductors located 
near the slip ring connections. A similar analysis of the heating 




'oe 




Fig. 171 



Fig. 172 



effect in the various armature conductors of a polyphase converter 
will show that the relative heating effect becomes more uniform 
as the number of phases is increased. The average heating effect 
in the armature winding as a whole is also decreased because the 
average effective value of the composite cmrent in a polyphase 
converter operating at unity power factor is less than the direct 
current. The capacity of a synchronous converter operating at 
unity power factor compared with its capacity when operated as 
a direct current generator is given in per cent as follows: 

No. of slip rings 2 3 4 6 12 

Relative capacity 85.2 133 162 193 219.5 

The six-phase converter is used extensively for this reason, the 
increased capacity of the twelve-phase converter being insufficient 
in general to compensate for its increased complexity and cost. 

Motor-generators versus Sjmchronous Converters. The con- 
version of alternating current power to direct current power or the 
reverse may also be accomplished by coupling an alternating cur- 
rent motor to a direct current generator, the combination being 
called a motor-generator. A comparison of the synchronous con- 
verter with the motor-generator reveals certain advantages in 
favor of the synchronous converter; namely, higher efficiency, 
lower cost, and less space requirement. The motor-generator, if 
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it be an induction motor-generator, requires no synchronizing and 
may therefore be started more easily than the synchronous con- 
verter. The generated e.m.f . of the generator in a motor-generator 
may also be varied over a wider range than the generated e.m.f . of 
a synchronous converter. 



CHAPTER XIII 

THE MERCURY ARC RECTIFIER 

Construction. A highly evacuated glass chamber (Fig. 173) 
contains two recessed anodes (AiA^), a cathode (C) and an auxil- 
iary anode (A'). The anodes (A1A2) are made of graphite or iron 

and the cathode (C) consists of a pool 
of mercury, a smaUer pool of mercury 
also being located at the auxiliary 
anode (A'). The anodes (A1A2) are 
connected to the opposite alternating 
current Une wires and the auxiliary 
anode {A') is connected to one of the 
line wires through a resistance. The 
device in which a direct current is to 
be estabUshed is connected betweeen 
the cathode and the midpoint (D) of 
a reactance connected between the 
line wires. 

Operation of the Merctsry Arc Rec- 
tifier. If the tube is tipped until the 
mercury in the auxiliary anode {A') 
flows into the pool of mercury at the 
cathode (C) an alternating current will flow from A' to C and 
estabUsh an electric arc. This arc will rise quickly to the anodes 
(A1A2) but current will flow through this arc only from each anode 
to the cathode and not in the reverse direction. When ili is at a 
higher potential than D, ciirrent will flow from Ai to C to D, and 
when A2 is at a higher potential than D current will flow from 
il2 to C to D. A direct current will then be established in any 
device connected between C and D. The direct potential between 
C and D will equal approximately one-half the average value of 
each half-cycle of the alternating potential (Vae) minus the potential 
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drop in the vacuum chamber, which is about 15 volts. The direct 
potential (F*?) is then given approximately by 

146 7dc = -^^^ - 15 = 0.45 Vac - 15 volts. 

Applications of the Mercury Arc Rectifier. The capacity of a 
rectifier is limited by the temperature attained during operation. 
Glass tubes may be operated on 1 15 or 230 volt alternating current 
circuits at a maximum current capacity of 50 amperes; steel 
tubes have been made with an insulating lining which rectify up 
to 300 amperes. Rectifiers have been operated with a line poten- 
tial as high as 15,000 volts, the efficiency of the rectifier increas- 
ing as the potential is increased. The tubes may be operated in 
series or in parallel when the line potential or the ciurent to be 
rectified exceeds the rating of a single tube. The principal use 
made of the mercury arc rectifier is in connection with direct 
current series arc Ughting systems and in charging storage bat- 
teries. It is not improbable that the rectifier will eventually dis- 
place the synchronous converter to some extent in the conver- 
sion of alternating current power to direct current power in 
electrolytic and railway service. 
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THE TRANSFORMER 

Construction. The transformer consists of two coils of wire 
wound upon a magnetic core made of soft iron laminations. The 
core with its two windings is usually placed in a steel case filled 
with insulating oil, the oil also serving to conduct heat away from 
the windings and core by convection. The two windings, while 
insulated from each other, are intermingled so that their mutual 
inductance will be a maximum. The object of the transformer is 
to transform alternating current power at one potential into alter- 
nating current power at another potential. The winding which 
receives electric power from the source is called the primary wind- 
ing and the winding which de- 
livers electric power to the load 
is caQed the secondary winding. 
Principle of Operation of the 
Transformer. If the primary 
winding of a transformer with an 
open secondary winding is con- 
nected to an alternating current 
line of Vi volts line potential, as 
shown in Kg. 174, the primary current (/o) will be small and will 
lag the terminal potential (Fi) nearly 90 degrees. If the resistance 
of the primary winding were zero and the core loss (hysteresis and 
eddy current losses in the iron core) were zero the terminal potential 
(Fi), primary current (Jo) and induced e.m.f. {Ei) in the primary 
winding would be represented by the vector diagram shown in Fig. 
175. In this case the primary current actually lags the terminal 

potential by 90 degrees and is of low magnitude (-^0 = 1^). If 

the resistance of the winding and the core loss are considered the 
primary current will be sensibly of the same order of magnitude 
but will lag the terminal potential less than 90 degrees as shown 
in Fig. 176. 
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The alternating magnetic flux which induces the e.m.f. (Ei) in 
Fig. 175 may be resolved into two components (Fig. 174); the 
leakage flux {<t>i) which circulates through the primary winding 
and the siirroimding air, and the core flux (<t>c) which circulates 
through the core only and therefore links both the primary and 
secondary windings. If the self-inductance (Li) of the primary 

winding is determined by . ^\^^ the reactance potential in the 

primary winding will be given by h 2 tt/Li or IqXi. The im- 
pressed primary potential (Vi) at no load must then equal the 
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vector sum of the constituent potentials, loRi, hXi and Ei, as 

shown in Fig. 176 where Ei equals the effective value of -i-^ --^* 

Since the alternating core flux links both primary and secondary 
windings the electromotive force induced in each winding per tiirn 
will be the same. The ratio of the primary e.m.f. to the secondary 
e.m.f . will then be given by 

where Ti, the ratio of the number of primary to secondary turns, 
is called the ratio of transformation (primary to secondary). 

If a load is now connected to the secondary winding the second- 
ary current will weaken the core flux (<t>c), reduce the primary e.m.f. 
(El) and increase the primary current. Equilibrium will be estab- 
lished when the primary no load current (h) is augmented by an 
additional primary ciirrent (J/) of such magnitude that Nili = 
N2I2. The demagnetizing effect of the secondary ampere turns 
(Nil2) will then be counterbalanced by the magnetizing effect of 
a component of the primary ampere turns {NJi). The complete 
vector diagram of the loaded transformer is then represented by 
Fig. 177. The primary current (/i), the vector sum of h and /i', 
is only slightly greater than I/. Then iV^Ja = NJi (approxi- 
mately) and 
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f '^W'^ T (approximately). 



The secondary terminal potential (F2) equals the secondary 
e.m.f. {E^ minus (vectorially) the secondary reactance potential 
(/8X2) due to the alternating secondary leakage flux, and the 
secondary resistance potential (/2B2). The power factor of the 
transformer at the primary terminals equals cos Bi and the power 
factor of the secondary load equals cos ^2. 

Transformer Calculations. The relationship of the primary 
and secondary terminal potentials of a loaded transformer may 
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be obtained from Fig. 177 but the calculation may be simplified by 
substituting composite or equivalent values of resistance and react- 
ance for the individual resistances and reactances of the two wind- 
ings. The composite resistance and composite reactance of a 

transformer may be determined ex- 
perimentally as follows. The power 
input (Pi) and the primary current 
(/i) of a transformer with the secon- 
dary short-circuited is measiired as 
shSm in Fig. 178 with the primary 
potential (Fi) reduced to such a 
magnitude that the primary current (/i) does not exceed the nor- 
mal rating of the primary winding. Since the core loss of a trans- 
former operating under reduced primary potential is small the 
power input (Pi) equals the copper losses (approximately) in the 
two windings. The composite resistance (i2ei) of the transformer 
from the primary side is then given by 
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-Rei = -j\ ohms. 
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The composite impedance (Zei) of the transformer from the 
primary side is given by 

150 



Zei = J— ohms 



and the composite reactance (Xci) of the transformer from the 
primary side is given by 

151 X^ = V(Zci)2 - (/?ci)2 ohms. 

Since Ii^Rei = h^Ra where Ra is the composite resistance of the 

transformer from the secondary side and since Ji* = -pp-^ (approx- 
imately), then ^' ^ 

152 i2<a = ^ ohms. 



2 




The composite reactance of the transformer from the secondary 
side is given by 

163 Xi2 = yp2 ohms. 

An equivalent transformer may then be substituted for the actual 
transformer as shown in Fig. 179. The equivalent transformer 
possesses no primary resistance 
or reactance, the secondary re- 
sistance is i2c8 and the secondary 
reactance is Xc2. The vector 
diagram for this equivalent 
transformer is shown in Fig. 180. ^^''' ^^^ 

Then for any value of F2, h and ft, Fi is given by 

154 Fi = Ti \/(F2 cos ft + hRii^Y + (F2 sin ft ± I%X^Y volts. 

If the power input to a trans- 
former is measured as shown 
in Fig. 178 but at rated prim- 
ary potential with the second- 
ary open-circuited the core 
loss will be given approxi- 
mately by Pi since the copper 
loss at no load is small com- 
pared with the core loss. The 
core loss {P^ may thus be determined experimentally and the 
efficiency of the transformer under any condition of secondary load 




Fig. 180 
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is given by 
155 



V = 



V2I2 cos 02 

V2I2 cos $2 + h^Rdi + Pc 



Special Types of Transformer. A transformer with a fixed 
primary winding and a movable counter-weighted secondary wind- 
ing, called a constant current transformer, is shown in Fig. 181. 
When the secondary current is zero the secondary winding rests 

upon the primary winding and is linked by most 
of the flux produced by the primary current. If 
a load is connected to the secondary winding a 
force of repulsion between the primary and 
secondary currents causes the secondary winding 
to rise. The linkage flux and secondary e.m.f. 
are then reduced in consequence and the second- 
ary current will not increase as much as it 
. would if the secondary winding were fixed with 
respect to the primary winding. A change in the resistance of the 
secondary circuit is thus accompanied by a corresponding change 
in the secondary e.m.f. due to a change in the position of the 
secondary winding. The secondary current will then remain 




Fig. 181 
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Fig. 182 



Fig. 183 



sensibly constant for a moderate change in the secondary resistance. 
Constant current transformers are used extensively in connection 
with series street lighting systems. 

A transformer in which part of the primary winding serves as 
the secondary winding (or the reverse), called an auto-transformer, 
is shown in Fig. 182, The principal advantage of this type of 
transformer is in the saving of a part of the weight of copper wire 
required in the ordinary transformer. If an adjustable contact 
is provided at a the secondary potential (F2) may be varied from 
zero to V\, This arrangement is frequently used in a device called 
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a compensator employed in starting induction motors. The 
induction regulator used for the adjustment of line potential in 
transmission lines consists of an auto-transformer connected as 
shown in Fig. 183. The secondary winding in this case is mounted 
upon a shaft so that the secondary winding may be turned with 
respect to a fixed primary winding. The linkage flux may then 
be varied from zero to a maximum and the line potential (F/) 
may be changed gradually from Vi to Vi ±: V2. 

Transformer Connections in Three-phase Circuits. A three- 
phase transformer may be constructed, as shown in Fig. 184 for 
example, containing three primary windings and three secondary 
windings connected respectively in Y or A. 
The cost of such a transformer is less than 
that of three single-phase transformers serv- 
mg the same purpose and it has a higher 
eflSciency. Single-phase transformers con- 
nected in Y or A are used more extensively 
than three-phase transformers, however, be- 
cause single-phase reserve units are less expen- 
sive, high temperature in one single-phase 
transformer will not injure the other transformers and any 
single-phase transformer may be repaired while the other trans- 
formers remain in service. When two sets of transformers are 
connected in parallel to the primary and secondary circuits of a 
three-phase system any combination of A or Y connection may be 
employed in each set except that with one set of transformers con- 
nected AY or YA the other set may not be connected A A or YY, 




Fig. 184 
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THE THREE-PHASE INDUCTION MOTOR 

The Production of a Rotating Magnetic Flux. The magnetic 
flux traversing the space between the two rotating magnetic poles, 
shown in Fig. 185, may be represented by a vector of constant 

length rotating at the same speed as 
the rotating poles. If the axes of two 
stationary coils of wire are displaced by 
90 degrees and the sinusoidal currents 
(ii and ii) estabUshed in the two coils 
differ in phase by 90 degrees the mag- 
netic flux along the axis XX' in Fig. 186 
may be represented by <t>xx* = €>„ sin (d 
and along the axis YY' by <^y,^ = f>m sin {<at + Q(f) = $„, cos coi, 
the maximum flux produced by each coil being assumed the 
same. The resultant magnetic flux (<t>r) 
through 0, the intersection of the two 
axes, at any instant is then given b y 

0r = V(^tn sin (aty + (^m COS (at)^ 
= ^m Vsin* (at + COS^ (d = ^m. 

The angle (a) between the direction of 
the flux and the YY' axis at any in- 
stant is given by a = tan~^ = 

° cos (at 

tan""* tan (ot = (at The magnetic flux 
through will then be of constant yiq. 186 

magnitude (^m) and will rotate at a con- 
stant angular velocity (w) . It will be noted that a rotating mag- 
netic flux similar to that shown in Fig. 185 may be produced by 
two or more stationary coils of wire conducting sinusoidal currents 
of equal magnitude and frequency differing in phase respectively 
by the angle of displacement between the axes of the coils. 

If three windings located 120 degrees apart are placed in the 
slots of a magnetic core as shown in Fig. 187 and the currents 
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established in the three windings differ in phase by 120 degrees 
a rotating flux of constant magnitude and constant angular velocity 
will be produced. When the current in the phase aa' is a positive 
maximum the position of the rotating flux is represented by vector 





Fig. 187 



(1) and by vectors (2) and (3) when the currents in phases bb' and 
cc' respectively are a positive maximum. In Fig. 187 there is one 
complete set of three-phase windings and the rotating flux makes 
one revolution in the cyclical period {T seconds) of the three-phase 
currents. When there are two sets of three-phase windings as 
shown in Fig. 188 the rotating flux moves from the position of 
vector (1) to vector (4), for example, during a cyclical period and 
makes a complete revolution in 2 T seconds. The angular velocity 
(Sf) of the rotating flux then depends upon the frequency (/) of 
the three-phase cmrents and the number of phase sets (m), and is 
given by 



156 



Sf = — - revolutions per minute. 



Principle of Operation of the Three-phase Induction Motor. 
If three windings are placed in the slots of a laminated iron core as 
shown in Figs. 187 or 188 and are connected 
in Y or A to a three-phase source of power 
a rotating flux of angular velocity (/S/), 
given by 156, will be produced within the 
space surroimded by the three windings. 
The direction of the e.m.f. generated in 
any conductor located within this space will be downward at the 
instant shown in Fig. 189 and the direction of the .current esta- 
blished in the conductor by the generated e.m.f . when the ends 




Fig. 189 
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of the conductor are connected, will also be downward. The 
electromagnetic force (F) acting on such a conductor will then be 
in the same direction as the rotating flux and the conductor, if 
free to move, will follow the rotating flux. Each conductor on 
the rotating member of a three-phase induction motor is thus acted 
upon by a force which causes the rotating member to turn in the 
same direction as the rotating flux. 

Construction of the Three-phase Induction Motor. The 
primary structiire, called the stator, contains a three-phase Y- or 
A-connected winding embedded in the slots of a laminated iron 
core and is similar to the stationary armature of a three-phase 
synchronous generator. The secondary structure, called the rotor, 
contains either a bar or a wire winding embedded in the slots of a 
laminated iron core which is keyed to the shaft or a spider attached 
to the shaft. In the bar winding rotor, called a squirrel cage 
rotor, copper bars embedded in the slots are connected at each end 
of the rotor by copper rings. In the wire windmg rotor, called a 
woimd rotor, three groups of insulated copper wires are embedded 
in the rotor slots and are Y-connected. The terminals of the 
three windings of the wound rotor are either short-circuited or 
connected through three sUp rings to an external Y-connected 
rheostat. The stator may contain one or more phase sets depend- 
ing upon the desired rotor speed. It will be noted that the rotor 
wmdings are not connected in any way to the three-phase source 
of power. 

Relation between Load and Speed of the Rotor. At no load 
the rotor torque must only be sufficient to counterbalance the 
reactive torque due to the rotational losses and is therefore small. 
The rotor will then turn at such a speed at no load that the e.m.f . 
generated m the rotor winding will estabUsh a rotor current of 
sufficient magnitude to produce the required no load torque. Since 
the generated e.m.f. in the rotor depends upon the relative speed 
of the rotor and the rotating flux and the e.m.f. required at no load 
is small the rotor speed at no load will nearly equal the flux speed. 
It will be noted that the rotor speed cannot actually equal the flux 
speed at any time since there would then be no relative motion 
and the rotor e.m.f, would be zero. 

An increase of load (or reactive torque) will cause the rotor to 
slow down until the increased rotor e.m.f. establishes sufficient 
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current to produce the required electromagnetic torque. The 
speed of an induction motor is usually indicated by the ratio of the 
difference between the flux speed (S/) and the rotor speed (Sr), 
and the flux speed (S/). This ratio, called the slip (s) and 
expre^ed in per cent, is given by 



-('-!) 



157 s = [ 1 - -^ j 100 per cent. 

At no load the slip is a fraction of a per cent and at full load the 
slip ranges from 5 to 15 per cent, decreasing as the rating of the 
motor increases. In very large motors the sUp is sometimes less 
than 5 per cent at full load. 

At no load the stator current must be of sufficient magnitude to 
produce the rotating flux and provide the power absorbed by the 
no load losses. The no load stator current in its magnetizing action 
resembles the no load primary current of a transformer in that it 
lags the terminal potential to a considerable degree but differs in 
respect to magnitude, the ratio of no load stator current to full 
load stator current in the induction motor being much greater than 
in the transformer. This is due to the high reluctance of the air 
gap traversed by the rotating flux in the motor. To reduce this 
reluctance and incidentally the no load stator current, induction 
motors are usually constructed with a very small clearance be- 
tween the rotor and the stator, often only a few hundredths of an 
inch. 

The induction motor for the reasons stated operates at no load 
with a comparatively large stator current and at a very low power 
factor. The rotor reaction in an induction motor, corresponding 
to the armature reaction in the machines discussed previously, is 
demagnetizing and its effect is similar to that of the secondary 
ampere turns of a transformer. An increase in load therefore 
weakens the rotating flux, reduces the stator e.m.f. generated by 
the rotating flux and increases the stator current. Since the com- 
ponent of the stator current which balances the demagnetizing 
rotor current is nearly in phase with the stator potential an increase 
in load is accompanied by an increase in power factor. The im- 
provement in power factor with an increase in load is restricted, 
however, by the abnormal magnitude of the stator magnetizing 
current and the power factor at full load is seldom greater than 
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90 per cent. The typical operating characteristics of a three- 
phase induction motor are shown in Fig. 190. 

Starting Conditions in the Three- 
phase Induction Motor. With the rotor 
at rest the induction motor resembles a 
short-circuited transformer. The phase 
angle (6) between the rotor e.m.f . and the 

2irfL 




rotor current is given by tan 6 = 



R 



Horse power Oatpot 

Fig. 190. 



The frequency (J) of the rotor e.m.f. at 
standstill equals the frequency of the stator 
terminal potential and since the resistance 
of the rotor {R) is small compared with 
the rotor reactance y2 vfL) the rotor cxurent will lag considerably 
behind the rotor e.m.f. at standstill. The rotor current in any 
rotor conductor will not reach its maximum value then imtil 
the denser part of the rotating flux has passed on. The starting 
torque of the squirrel cage induction motor with full load current 
in the stator winding will therefore be only a small fraction of 
the rated full load torque. In the wound rotor induction motor, 
equipped with rotor slip ring connections and an external rheostat, 
resistance (Re) may be added to each rotor winding so that 
2irfL 



i- 



- j may be made snuOler during the starting period 



and the starting torque increased. Since an increase of rotor 
resistance also reduces the rotor ciurent and in this way reduces 
the rotor torque only sufficient resistance should be added to the 
rotor circuit to obtain a maximum torque. 

As the rotor comes up to speed the external resistance may be 
reduced to zero since the frequency (sf) of the rotor e.m.f . decreases 
as the speed increases. 

The addition of external resistance to the rotor windings of 
an induction motor during the starting period serves also to reduce 
the stator current since the rotor is then not short-circuited. 
Excessive starting current in a squirrel cage induction motor 
must be prevented by connecting resistances or a three-phase 
auto-transformer with adjustable contacts, called a compensa- 
tor, between the stator terminals and the three-phase source of 
power. In some cases induction motors are started without ex- 
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cessive current by connecting the stator windings first in Y and 
then in A. 

In starting a synchronous motor as an induction motor the field 
winding must first be opened in several places so that the e.m.f . 
generated between any two points will not be excesave. Short- 
circuited copper bars built into the pole faces take the place of a 
rotor winding. Three-phase currents established in the armature 
of the synchronous motor (operated at reduced terminal potential) 
will then produce a rotating flux and cause either the armature or 
the field to revolve in accordance with the induction motor prin- 
ciple. When the rotating member reaches its maximum speed 
(nearly synchronous speed) the direct cxurent field circuit is closed 
and the terminal potential is increased to full line potential. 
The rotating member will then be pulled into synchronism and 
the synchronous motor will operate continuously at constant 
speeci* 

Speed Adjustment of the Three-phase Induction Motor. The 
inherent speed variation of the induction motor with changes in 
load (see Fig. 190) resembles that of the direct cmrent shunt 
motor; that is, the speed decreases sUghtly as the load is increased. 
The speed may be adjusted slightly by changing the magnitude 
of the terminal potential; a reduction of the terminal potential 
weakens the rotating flux causing the rotor to revolve at decreased 
speed for the same electromagnetic torque. In the wound rotor 
type of induction motor the speed may be adjusted by changing 
the resistance of the rotor circuit by means of an external rheostat 
connected to the rotor windings by sUp rings; an increase of the 
rotor resistance reduces the speed of the rotor. Abrupt changes 
in speed may be obtained by changing the number of phase sets 
but this method involves increased expense in the construction of 
the motor and complicated connections. The speed of two induc- 
tion motors with their rotors coupled mechanically may be changed 
as a unit by connecting the stator winding of one motor to the rotor 
winding of the other motor through slip rings. The motors are 
then said to be connected in concatenation or cascade. If the 
number of phase sets in each motor is represented by mi 

and fih respectively, four speeds may be obtained as follows: 

fiA / fin / 

Sr » — - (1 — «) (motor No. 1 operated alone), Sr = — - (1 — s) 
mi lUi 



(motor No. 2 operated alone), St 
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mi + nit 

oected in oppoMtion in concatenation), and St = — ^— ^ 

mi — tiit 
(motors connected in conjunction in concatenation). The speed 
of an induction motor may also be adjusted by changii^ the fre- 
quency of the terminal potential but this is rarely possible. 

The Three-phase Induction Generator. If the rotor conduc- 
tors of a three-phase induction motor are driven mechanically at 
a higher speed than the rotating flux the rotor e.m.f. and current 
are reversed and the rotor mf^netomotive force- aids the gtator 
magnetomotive force- The stator e.m.f. may then exceed the 
stator terminal potential and electric power will be dehvered to 
the line. Since the operation of the machine as an induction gen- 
erator is dependent upon the production of a rotating flux by an 
external three-phase source of power the induction generator may 
not be operated alone but must be connected in parallel with a 
synchronous generator. The principal advantage of the induction 
generator relates to its ability to withstand a short circuit at its 
terminals without serious injury. A short circuit eliminates the 
source of the rotating flux and therefore causes generator action to 
cease immediately. In some instances induction motors on elec- 
tric locomotives are driven above synchronous speed when goii^ 
down grade and furnish regenerative braking. 

The Single-phase Induction Motor. If a single-phase current 
is established in the stator winding of a single-phase induction 
motor the net torque developed by the stationary rotor at any 
instant, as shown in F' 191, will be zero. If the rotor be turned 




mechanically the displacement of the rotor will cause the rotor to 
develop torque in the direction of displacement es shown in Fig. 
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192. The rotor will then come up to speed and an additional 
e.m.f . will be generated in the rotor conductors due to their motion 
in the alternating magnetic flux. The cxurent established by the 
composite effect of the induced e.m.f. and the rotational e.m.f. 
will cause the torque to increase with the speed until a certain 
speed is reached where a further increase in speed causes the torque 
to decrease. The speed at which the torque is a maximmn depends 
upon the ratio of the rotor reactance (at rest) to the rotor resist- 
ance; the higher the ratio of rotor reactance to rotor resistance, 
the higher the speed will be at which the torque is a maximum. 
The torque is zero for any ratio of rotor reactance to rotor resist- 
ance at a speed slightly less than synchronous speed and when the 
ratio of rotor reactance to rotor resistance is not greater than unity 
no motor torque is obtained at any speed. After being started 
the single-phase induction motor will operate in substantially the 
same manner as the three-phase induction motor. It may in fact 
be shown that the composite effect of the 
stator and rotor currents (with the rotor in 

motion) is to produce a rotating flux and the 

operation of the motor may be explained on "^(RWOT^-n 
this basis. 

The singie-phase induction motor may be 
made self-starting by means of a split-phase 
stator winding. An auxiliary winding {AW), 
in Fig. 193, is placed upon the stator core 



AW 



^ 



W/s/^^mm 



R M W 

with its axis displaced from the axis of the fiq. 193 

main winding {MW) by 90 degrees. During 
the starting period both windings are connected across the line, 
the auxiliary winding in series with inductance and the main wind- 
ing in series with resistance. The currents established in the two 
windings will then differ in phase by nearly 90 degrees and a rotat- 
ing flux will be produced as described on page 134. After the 
rotor comes up to speed the auxiliary winding is disconnected and 
the main winding connected across the line. 



CHAPTER XVI 

THE ALTERNATING CURRENT SERIES COMMUTATOR 

MOTOR 

Limitations in the Use of Synchronous and Induction Motors. 

The synchronous motor is not adjustable as to speed, the single- 
phase motor is not self-starting and the three-phase motor may 
only be started as an induction motor at low torque. A direct and 
an alternating current source of power is required for synchronous 
motors (the direct current generator may be driven by the motor) 
and synchronous motors must be synchronized with the line poten- 
tial if started by means of an auxiUary motor. The speed of an 
induction motor may be adjusted to some extent but the adjust- 
ment feature usually involves increased cost and decreased effi- 
ciency and rating. Full load starting torque may only be obtained 
without excessive stator current with a wound rotor three-phase 
induction motor with adjustable rotor resistance. It is often 
desirable that an alternating current motor be employed which 
will be adjustable as to speed and will furnish heavy starting torque 
without excessive current. In many instances single-phase power 
only is available and when an electric railway is supplied from an 
alternating current source of power single-phase electrification is 
preferred because three-phase connections by trolley wire or third 
rail are more complicated and expensive. In motor-driven devices 
intended for attachment to house circuits it is desirable that the 
motor be adapted for operation with either direct or alternating 
current. 

The Alternating Current Series Commutator Motor. A direct 
current series motor will operate on an alternating current system 
since the armature current and the field flux reverse simultaneously 
giving unidirectional torque. The operation of an unmodified 
direct current series motor with an alternating current will ^be 
accompanied, however, by excessive heating of the field core, low 
power factor and destructive commutation. The series commu- 
tator motor must therefore be redesigned for use on alternating 
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current circuits. The heating of the field core is reduced (1) by 
laminating the field core with iron sheets of low hysteresis loss, (2) 
by increasing the cross-sectional area of the field core and operating 
the motor at low flux density and (3) by operating the motor when 
possible on a low frequency circuit. 

The vector diagram of the alternating current series motor is 
shown in Fig. 194. The constituent parts of the terminal potential 
(Vt) required to coimterbalance the reactive potentials in the 
motor circuit are Ea (the generated e.m.f.), laBa (the armature 
resistance potential), laRs (the series field resistance potential), 
laXa (the armature reactance potential) and laX^ (the series 
field reactance potential). Improvement of power factor in the 
series motor is obtained (1) by 

making the number of series field ^ . 

turns as small as possible (reduces 
Xs), (2) by placing a series com- 
pensating winding on the field 
frame so located that its magne- 
tomotive force opposes the arma- * p - * 

ture magnetomotive force (re- 
duces laXa) and (3) by operating the motor when possible on 
a low frequency circuit (reduces Xa and X,). 

In the alternating current series motor it is unpossible to make 
the potential between a and b (Fig. 55, page 50) zero at the instant 
the brush breaks contact with segment No. 1 since the armature 
conductors connected to segments No. 1 and No. 2 carry an 
alternating current which is increased by the e.m.f. induced by the 
alternating flux when the two segments are bridged by the brush. 
Since the current broken when the brush breaks contact with 
segment No. 1 cannot be made zero improvement of commutation 
may only be obtained by making the current flowing from a to 6 
through segment No. 1 as small as possible. This is accomplished 
(1) by reducing the alternating field flux and, consequently, the 
e.m.f. induced in the armature conductors short-circuited by the 
brush, (2) by reducing the number of armature conductors con- 
nected between the commutator segments, (3) by introducing 
resistance in the connections between the commutator segments 
and the armature conductors and (4) by operating the motor when 
possible on a low frequency circuit. 
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The speed of an alternating current series motor may be adjusted 
by connecting resistance in series with the motor or by connecting 
the motor terminals to the secondary of a transformer with adjust- 
able secondary contacts. It will be noted that the modified series 
motor will operate on either an alternating current or a direct 
current circuit and for this reason is sometimes called the universal 
motor. Some alternating current single-phase motors are started 
Bs series motors and alter coming up to speed a centrifugal device 
disconnects the field winding from the armature circuit and short- 
circuits the armature. The motor will then operate as a single- 
phase induction motor at sensibly constant speed. 



CHAPTER XVII 
ILLUSTRATIONS OF ELECTRICAL APPARATUS 




Rubber Insulation covered with Weatherproof Braid. 




Weatherproof Insulation. 




Slow-Burning Insulation. 




Varnished Cambric Insulation covered with Weatherproof Braid. 




Varnished Cambric Insulation covered with a Lead Sheath. 




Impregnated Paper Insulation covered with a Lead Sheath. 
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Six-Pole Direct Current Generator. 



Armature of a Direct Current Generator. 



DIRECT CUBRENT DYNAUO 
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Field Assembly of a Sbt-Pole Direct Current Generator with Slotted Poles. 



4 ^ 



End Shieldf) and Field Core of a Small Direct Current Shunt Motor. 



DIRECT CURRENT DYNAMO 



Partly Wound Armature showing Method of Assembling Coils. 



Details of Commutator Construction. 
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Direct Current Shunt Motor. 



Partly Assembled Field Winding of a Direct Current Shunt Motor with 
Commutatii^ Poles. 



DIRECT CURRENT DYNAMO 



Fidd Core of a Four-Pole Direct Current Motor showing Commutating 
Poles and Slots for a Compensating Winding. - 



Field Core of a Direct CurreDt Shunt Motor showing Assembly of Shunt 
Field Winding, Commutating Pole Winding and Compensating Winding. 
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Armature Core. 



Wound Armature. 



Wound Armature with Ventilating Fan. 
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Main Fidd Coil of a Direct Current Commutating Field Coil of a Direct 
Shunt Motor. Current Motor. 



Bruah Holders and Brush Yoke tor a Four-Pole Motor. 



Twin Bruah Holder. 
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Commutator End Shield. PuUey End Shield. 



Sliding Base for Wall, Floor or Ceiling Suspenaion. 
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Direct Current Series Motor for Crane Service. 



Intmor Coastruction of a Direct Current Series Crane Motor. 
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Motor Starting Rheostat for a Shunt Motor. 



Motor Starting Rheostat for a 
Shunt, Series or Compound Motor. 



Shunt Field Rheostat. 
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Woton Standard CeU. 



Direct Current Ammeter with Internal Shunt. 
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Direct Current Voltmeter. 



Thomson Direct Current Watthour Meter. 
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Potential Coil Multiplier 



Direct Current Ammeter Shunt. 



StaDdard Resistance — Reichsanstalt Model. 
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Moviu)! Coil Gfllvanoinetcc. 



Standard Resistance — 
Model. 
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Wheatstone Bridge. 



Leeds and Northrup Potentiometer. 
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Hot Wire Ammeter. 



Interior Construction of a Hot Wire Ammeter. 
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Electrodynamometer Voltmeter. 



Inclined CoU or Iron Vane Ammeter. 
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Electrodynamometer W&ttmeter. 



Interior Construction of an ElectroJynamometer Wattmettt. 
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Induction Watthour Meter. 



Instrument Current Transfonner without Cable or Busbar Primary. 
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Instrumeiit Potential Tranafonnw. 




Oscillograph Vibrator. Vibrating Reed Type Frequency Meter. 



PROTECTIVE DEVICES 



Eoclosed Cartridge Fuse. 



Single-Pole Circuit Breaker w 
Overload Tripping Coil. 



Electrolytic Lightning Arrester. 



Choke Coil for Generator or TransformeT ProtectioQ. 



PROTECTIVE DEVICES 



Three-Pole Oil Circuit Keakcx with Oil Tank Removed. 



IliTee-Pale 136,000-Volt Outdoor Oil Circuit Breaker. 



TRANSMISSION USE CONSTRUCTION 



Double Circuit Tbree-Phase Tranamission Line with Pin Type InsulatoTB. 
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Double Circuit Three-Phase Transmission Line with Suspension Insulators. 



SYNCHRONOUS GENERATOR 



Three-Phase Slow Speed Synchronous Generator 
with Revolving Field. 



R«vo)Tiiig Fidd (24 poles) of a Slow Speed Three-Phaee 
SynchronouB Generator. 



SYNCHRONOUS GENERATOR 



Section of Statiouary Ariuature of a Slow Speed Three-Phase Synchronous 
Generator showing Method of AaBembling Coila. 



Two-Pole Revolving FieM of a Turbo-Alternator witb One End Bell 
Removed. (Shaft ends not shown.) 



SYNCHRONOUS GENERATOR 



d Connections of the Statiomuy Armature of a Three-Phase 
Turbo-Alternator 



SYNCHRONOUS GENEBATOR 



SOO-KUowatt Thtee-Phase Turbo- Alternator. 



SiOOO-KUowatt Three-Phase Turbo-Altsniator. 



8YNCHK0N0US MOTOR 



I 



Three-Phaac Syochronous Motor. 



Revolving Field (36 poles) of ft Synchronous Motor ahowing Dainpffl Wind- 
ing for Starting as an Induction Motor and for Prevention of Hunting. 



RECTIFYING DEVICES 



Synchronous Converter. 



Mercury Arc R«ctifier Tubes for 100- and 200-Voit Alternating 
Current Circuits. 



MOTOE-GENERATOR 



IS Motor-Generator. 



Induction Motor-Generator. 



TRANSFORMER 



Rectangular Core Type Transformer. Cast Iron Transformer Tank. 



Top View of Rectangular Core Type Tranaformer in Cast Iron Tank. 



TRAN8F0KMEB 



Cruciform Ctore Tjpe Transformer. Boiler Iron Transformer Tank. 



Distributed Shell Type TranBtorraer. Constant Cuirent Tranaformer. 



THREE-PHASE INDUCTION MOTOB 



Three-Phase Induction Motor. 



Squirrel Cage or Bar Wound Rotor of a Tbree-Pbaee Induction Motor. 



THBEE-PHASE INDUCTION MOTOR 



Stator of a Three-Phase Induction Motor. 



Wire Wound Rotor of a Three-Fhase Induction Motor. 



■PHASE INDUCTION MOTOR 



Ceat Bar Wound Rotor of a Tbree-Phase Induction Motor. 




Starting Compensator for a Three-Phaae Induction Motor with a 
Bar Wound Rotor. 



SINGLE-PHASE ALTERNATING CURRENT MOTORS 183 



Stator of a Single-Phase Inductioa Motor. 



Rotor of B, Single-Phase Induction Motor. 
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COPPER WIRE TABLE^ 



8iw 



American 
WireGace 



18 
16 
14 

12 
10 

8 

6 
5 
4 

3 
2 
1 



00 

000 

0000 



Area 



Circular mils 



1,620 
2,580 
4,110 

6,530 
10,400 
16,500 

26,300 
33,100 
41,700 

52,600 
66,400 
83,700 

106,000 
133,000 
168,000 

212,000 
300,000 
400,000 

500,000 
600,000 
700,000 

800,000 

900,000 

1,000,000 

1,100,000 
1,200,000 
1,300,000 

1,400,000 
1,500,000 
1,600,000 

1,700,000 
1,800,000 
1,900,000 

2,000,000 



Resifltance 



Ohms per 

1000 feet at 

26° C. 



6.51 
4.09 
2.58 

1.62 
1.02 
0.641 

0.403 
0.319 
0.253 

0.205 
0.162 
0.129 

0.102 

0.0811 

0.0642 

0.0509 
0.0360 
0.0270 

0.0216 
0.0180 
0.0154 

0.0135 
0.0120 
0.0108 

0.00981 
0.00899 
0.00830 

0.00770 
0.00719 
0.00674 

0.00634 
0.00599 
0.00568 

00539 



Weight 



Pounds per 
1000 feet 



4.92 
7.82 
12.4 

19.8 
31.4 
50.0 



Current capacity in 
amperes 



79. 
100 
126 

163 
205 
258 

326 
411 
518 

653 

926 

1240 

1540 
1850 
2160 

2470 
2780 
3090 

3400 
3710 
4010 

4320 
4630 
4940 

5250 
5560 
5870 

6180 



Rubber 
Insulation 



3 

6 

15 

20 
25 
35 

50 
55 
70 

80 

90 

100 

125 
150 
175 

225 
275 
325 

400 
450 
500 

550 
600 
650 

690 
730 
770 

810 
850 
890 

930 

970 

1010 

1050 



Other 
Insulations 



5 
10 
20 

25 
30 
50 

70 
80 
90 

100 
125 
150 

200 
225 
275 

325 
400 
500 

600 
680 
760 

840 

920 

1000 

1080 
1150 
1220 

1290 
1360 
1430 

1490 
1550 
1610 

1670 



* For wires larger than No. 4 the values given are for stranded wires. 



RESISTIVITY, TEMPERATURE COEFFICIENT OF 
RESISTANCE AND DIELECTRIC CONSTANT 
OF VARIOUS MATERIALS 
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Resisttvity (p) and Temperature Coefficient of Resistance (a) of 

Copper at Various Temperatures 
(Resistivity in ohms per mil-foot) 



Degs. Cent 


p 


a 


Degs. Cent. 


p 


a 



15 
20 


9.55 
10.2 
10.4 


0.00427 
0.00401 
0.00393 


25 
30 
50 


10.6 
10.8 
11.6 


0.00385 
0.00378 
0.00352 



Resistivity (p2o) and Temperature Coefficient of Resistivity (a2o) 

OF Certain Conductors at 20° Cent. 
(Resistivity in microhms per cm. cube) 



Material 



Aluminum 

Antimony 

Bismuth 

Carbon, brush 

arc lamp . 

inc. lamp. 
Cobalt 

^^^:.::::::: 

Iron, cast 



(( 



tt 



p» 



2.83 
38.^^-49.8 

117 
10»-6X10» 
5X10»-15X10» 
4X10» 
10.3 
1.72 
2.20 
79-104 



aw 



0.00390 

0.00389 

0.00354 

-0.0009 



-0.0003 
0.00325* 
0.00393 
0.00365 



Material 



Iron, steel 

Lead 

Mercury.. 

Nickel 

Platinum. 
Silver .... 
Tantalum 

Tin 

Tungsten. 
Zinc 



PM 



12-48 
20.0 
94.1 
12.0-13.9 
9.6 
1.62 
15.6 
10.2-12.0 
4.9-6.1 
6.0-6.5 



am 
















003=b 

00387 

000720 

00622* 

00367* 

00377 

00310 

00365 

0047 

00365 



* Average value, 0° to 100** Cent. 



Resistivity (p) and Dielectric Constant (k) of Certain Insulators 

AT Room Temperature 
(Resistivity in megohms per cm. cube) 



Material 



Asbestos 

Celluloid 

Cellulose 

Glass 

Gutta percha 

Ice 

Marble 

Mica 

Oil, transf 

Paper 



p 


Jb 


2X10* 


2.7 


7X10* 


13.3 


102-10* 


3.9-7.5 


10^-10" 


5.5-9.1 


3X10* 


2.9 


720 


86 


10^10* 


8.3 


10^-10« 


2.5-5.9 


10*-3X10« 


2.0-2.5 


10*-10» 


1.7-3.8 



Material 



Paraffin 

Porcelain. . . 

Quartz 

Rubber 

Selenium . . . 

Shellac 

Silica, fused. 

Slate 

Sulphur .... 
Wood 



10»-10" 
10*-10» 
108-10" 
10«-4X10» 
0.06 
10«-10io 
10^^10" 
10^10* 

10" 
10*-10^ 



1.9-2.3 
4.4-6.8 
4.3-5.1 
2.3-^.0 
6.1-7.4 
2.7-3.8 
3.5-3.6 
6.6-7.4 
2.2-3.9 
2.5-7.7 



Conversion Factors 



Multiply 


by 


to obtain 


Mesohms 


10« 

io-« 

6.01 
0.166 


ohms. 

ohms. 

ohms per mil-foot. 

microhms per cm. cube. 


Microhms 


Microhms per cm. cube 

Ohms Der mil-foot 





186 MAGNETIZATION CURVES OF IRON AND STEEL 



^- 




■^^ 


T 


1 




r 




















' 




















• 


n 










^ 














































e 












v 














































s 












N 


k 














































i 














\ 


1 






































# 


















"-^ 














































9 










1 












































i 




'A 
















V, 










































s 


















^ 


V 






































s 
















CQ|1S 


\ 




































s 
















I 






V 






































9 


"^ 














—w 




\ 


L 














— 






















«^ 






















\ 




































^ 






















1 


V 














1 1 










• 










JS 
























\ 


h 
































3 


~~7 
























\ 
































8^ 


i 


























V 










ol 


















9B 

(« 


\ 


























\ 




























ol 


\ 




















11 






\ 




























^3 


\ 




















11 






\ 


L 


























8"? 


[ 










1 












11 






\ 


^ 


























s| 


\ 




















1 


1 








% 
























\ 






















n 








■^ 


*; 


k 






















y 






















1 










It 


\ 






I 
















s 


^ 










) 


























^ 


V 




\ 
















> 4 




















\ 






\ 












N 




\ 
















^ 




t\ 


















\ 






\ 














\ 


\ 
















t— 




C-V 














1 


\ 






\ 














> 

















s 


• 


>! 






.„,, 










lu 






\ 














\ 


^ 
















i 














1' 








\ 
















V 














% 












il 








M 






\ 














\ 


^ 












\ 








o\ 








i\' 


rA 






\ 














\\ 












^ 










\ 






r 


\ 


% 


V 






\ 
















\ 


V 










« 








^ 






fe\ 




»L 








\ 






\ 


V 














\ 


\ 


L 








s 










k 




1 




\ 






\ 




V 






\ 
















\ 


\ 
















\ 




^ 


k 




\ 




\ 


. 


> 


s 






\ 














> 


1 
^ 


V 






a 










\ 






> 




> 


\ 




\ 












\ 














\ 


N 


























\ 




s 










> 


^ 














\ 






Qk 


























*^ 


^ 


•- 














^ 












V 


K 
































— 






^ 












^ 




§ ; 


% 


1 


3 


f 

1 


5 


c 
• 


3 


1 


1 






s 




< 

1 


** 


< 






^ 


< 


s 


« 

< 


s 


1 

< 


K 


( 
f 


^ 


< 


» 



Note A. Multiply abscissa scale by lo. 
Note B. Multiply abscissa scale by 2XXk 

Conversion Factors 



Multiply 


by 


to obtain 


Ampere-turns per inch 

Ampere-turns per cm 

Kilolines per sq. inch 


0.394 
2.54 
155 
6.45 X 10-» 


ampere-turns per cm. 

ampere-turns per inch. 

gausses. 

kilolines per sq. inch. 


Gausses 





INDEX 



Addition of sinusoidal e.m.f/s, 75 
Admittance, 85 
Alternating current, 76 
circuits, 73 
measurements, 89 
series motor, 142 
Alternator, 110 
Ammeter, alternating current, 89 

direct current, 67 
Ampere, 2 
Ampere-turns, 23 
Angular velocity, 74 
Armature, 36 

paths, 40 

reaction, 42, 111 

winding, 37 
Auto-transformer, 132 
Average power, 81 

Balanced system, three-phase, 98 
Bar winding, 136 
Bridge, Wheatstone, 70 
Bright lamp method, 116 
Brushes, 38, 41 
Brush holders, 41 
Brush yoke, 41 

Capacitance, 77 
Capacitive reactance, 80 
Cascade connection, 139 
Characteristic curves, d.c. generator, 
46, 47, 48 
d.c. motor, 65 
Circular mil, 9 
Commutation, 50 
Commutating pole, 53 
Commutator, 38, 41 
Compensating winding, 53 



Compensator, 133, 138 
Composite resistance, 130 
Compound generator, 47 

motor, 57 
Concatenation, 139 
Condenser, 77 
Conductance, 85 
Conductors, 9 

Constant current transformer, 132 
Converter, synchronous, 121 
Copper losses, 62 
Core loss, 128, 131 
Critical resistance, 46 
Cross-magnetizing m.m.f., 43 
Cumulative compound motor, 57 
Current, 2. 

Current-carrjdng capacity, 11, 184 
Cycle, 73 

park lamp method, 115 
Delta connection, 100 
::Demagnetizing m.m.f., 43 
Diamagnetic materials, 18 
Dielectric constant, 78, 185 
Differential compound motor, 58 
Direct current circuits, 1 

measurements, 66 
Direction, current, 2 

e.m.f., 3 

flux density, 16 

generated e.m.f., 28 

induced e.m.f., 28, 29 

potential, 5 
Drum winding, 37, 39 
D)mamo, 36 

Eddy currents, 63 

Edison three-wire S3rBtem, 13 
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INDEX 



Effective value, 81 

EflSciency, a.c. transmission line, 108, 
109 

d.c. generator, 64 

d.c. motor, 64 

d.c. transmission line, 12 

transformer, 132 
Electric current, 2 

power, 4 
Electrodynamometer, ammeter, 90 

voltmeter, 90 

wattmeter, 92 
Electromagnetism, 15 
Electromagnetic induction, 27 

torque, 54 
Electromotive force, 3 
Energy conversion, 2 
Equalizer, 50 

Equivalent resistance, 8, 86, 130 
Excitation, 42 
External characteristic, 46 

Farad, 78 

Field excitation, 42 

core, 36 
Mux density, 16 

due to a current, 16 
Flux, magnetic, 15 
Force action, magnetic field, 25 

on a current, 16 
Four-phase system, 102 
Frequency, 73 

meter, 94 
Friction loss, 62 

Gage, American wire, 9, 184 
Galvanometer, 70 
Gauss, 16 

Generated e.m.f., 28, 37, 41 
Generator, alternating current, 110, 
140 
direct current, 36 
Gilbert, 22 

Henry, 29 

Hot wire ammeter, 89 

Hysteresis, 23, 63 



Impedance, 80 
Inclined coil anmieter, 91 
Induced e.m.f., 28 
Inductance, 29 
Induction generator, 140 

motor, three»phase, 134 
single-phase, 140 

regulator, 133 

watt-hour meter, 93 
Inductive reactance, 80 
Instrument transformers, 93 
Insulation, wires, 11 
Insulators, 9 

Internal characteristic, 46 ' 
Interpoles, 53 
Iron vane ammeter, 91 
Irreversible converter, 4 

Kelvin's law, 12 
Kilovolt-amperes, 82, 101 
Kilowatt-hours, 6 

Laminations, 37, 64 
Lap winding, 40 
Left-hand rule, 16 
Line e.m.f., 99 
Line of flux, 15 

Magnetic energy, 19, 21 

field, 15 

flux, 15 

flux density, 15 

poles, 24 

potential, 22 
Magnetization curve, 23, 44 
Magnetomotive force, 21 
Maximum value, 74 
Maxwell, 15 
Megohm, 4 

Mercury arc rectifier, 126 
Microfarad, 78 
Microhm, 4 
Mil, 9 

Mil-foot, 10 

Motor, alternating current, 117, 134, 
142 

direct current, 36 
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Motor-generator, 124 
Multiplier, 94 
Mutual-inductance, 30, 32 

Neutral, three-phase, 99 
Neutral wire, 13 
North pole, 25 

Oersted, 22 
Ohm, 4 
Oscillograph, 95 

Parallel connection, a.c, 84 

d.c, 8 
Parallel operation, a.c. generators, 
115 
d.c. generators, 48 
Period, 73 

Permanent magnet, 24 
Permeability, 17 
Phase angle, 74, 80 
difference, 74 
e.m.f., 99 
Pitch, winding, 40 
Poles, dynamo, 36 
Poljrphase connections, 97, 102 

converter, 123 
Potential, 4 
Potentiometer, 71 

Power, alternating current, 81, 82, 
100 
direct current, 4 
Power factor, 82 
Power losses, dynamo, 62 
transformer, 103 
transmission line, 107 
Primary winding, transformer, 128 

Radians, electrical, 74 
Ratio of transformation, 129 
Reactance, 80 
Re§ntrancy, 40 
Reference standards, 66 
Reluctance, 21 
Resistance, 3 

calculations, 9 

measurement, 70 



Resistance-temperature coefficient, 10 
Resistances of materials, 9 
Resistivity, 10 
Resonance, parallel, 87 

series, 80 
Retentivity, 24 
Reversible converter, 3 
Right-hand rule, 28 
Rotating flux, 134 
Rotational losses, 62, 64 
Rotor, induction motor, 136 

Saturation, magnetic, 23 
Secondary winding, transformer, 128 
Self-excitation, 43 
Self-inductance, 29, 31 
Separate excitation, 43 
Series connection, a.c, 79, 83 

d.c, 7 
Series generator, 45 
Series motor, a.c, 142 

d.c, 57 
Shunt, anmieter, 68 
Shunt generator, 45 

motor, 56 
Silver voltameter, 66 
Simplex winding, 40 
Single-phase alternating current, 73 
Singly-reentrant winding, 40 
Sinusoidal wave, 73 
Six-phase system, a.c., 102 
Slip, 137 
Slip ring, 110 
Slotted poles, 52 
Solenoid, 18 
South pole, 25 
Speed adjustment, d.c, motors, 60 

induction motor, 139 
Speed calculations, d.c motor, 62 
Speed-torque characteristic, d.c. 

motors, 55 
Split-phase winding, 141 
Squirrel cage rotor, 136 
Standard cell, 67 

resistance, 66 
Starting rheostat, d.c motor, 59 
Stator, induction motor, 136 
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INDEX 



Stray power, 62 
Stusceptance, 85 
Synchronism, 115 
Synchronous condenser, 120 

converter, 121 

generator, 110 

motor, 117 
Synchroscope, 116 

T connection, 102 
T^minal potential, 54 
Temperature coefficient of resistance, 

10 
Thofnson watt-hour meter, 69 
Three-phase alternating current, 97 
Three-wattmeter method, 103 
Three-wire system, 13 
Time constant, 33, 34 
Torque, 54 
Transformer, 128 
Transient current, 33 
Transmission line, a.c, 106 

d.c, 11 
Two-phase system, 102 
Two-wattmeter method, 104 



Universal motor, 144 

V connection, 100 
V-curves, 119 
Vector diagram, 76 
Volt, 3, 5 
Voltage, 4 
Voltameter, 66 
Voltmeter, a.c, 90 

d.c, 67 

Wattless current, 83 
Wattmeter, 92 
Watt-hour meter, 68, 93 
Wave diagram, 76 

winding, 40 
Weston cell, 67 
Wheatstone bridge, 70 
Windage loss, 62 
Winding formulas, 40 
Wire gage, American, 9 
Wire winding, 136 

Y connection, 98 
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